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Abstract 
 
Reactively sputtered Ag/TiOx nanocomposite coatings show high potential for 
antibacterial applications. However, previous studies on such coatings showed 
unavoidable segregation of silver out to the surface, which results in direct exposure 
of the potentially harmful Ag nanoparticles (NPs) to the environment and could also 
lead to a rapid depletion of the Ag source. Moreover, potentially harmful silver NPs 
are directly exposed to the environment without encapsulation. Tailoring the silver 
ion release is thus highly promising for enhancing the antibacterial applications of 
reactively sputtered Ag/TiOx coatings. 
The present work is concerned with the influence of sputter parameters on the 
surface morphology and silver ion release properties of reactively sputtered Ag/TiOx 
nanocomposite coatings. Since surface segregation of silver in such nanocomposites 
has not been investigated systematically, here we show under which conditions of the 
reactive sputtering process silver surface segregation occurs and how it can be 
controlled to obtain Ag/TiOx nanocomposites with a defined morphology. Silver NPs 
were embedded in or coated on TiOx thin films for 3D and 2D system purposes. 
Titanium oxide is known for its biocompatibility, transparency, low coat and good 
dielectric properties. DC reactive magnetron sputtering is selected because it not only 
provides controllable structures, sizes and morphologies, and allows formation of 
films with controllable stoichiometry, but it is also straightforward to implement in 
industrial-scale production with relatively high deposition rates and large area 
coatings. 
A series of titanium oxide thin films containing different silver filling factors 
were synthesized by a DC reactive magnetron co-sputtering method at different total 
pressure and oxygen conditions. The aim was to minimize Ag oxidation in 
conjunction with controlled surface segregation. We present an investigation about 
the influence of total pressure, silver filling factor, and titanium oxide barriers on the 
surface morphology evolution. Furthermore, the relation between the morphology of 
the nanocomposites and their optical properties is presented. To gain additional 
 VIII 
insight into the role that oxygen and plasma conditions played in silver surface 
segregation, 2D layer-by-layer structures were deposited and the silver surface 
segregation behavior was investigated by x-ray photoelectron spectroscopy (XPS) as 
well. The potential of silver ion release is studied by immersion samples in water for 
several different periods of time. Atomic absorption spectroscopy (AAS) is used to 
measure the concentration of silver ion in water. Different approaches to tailor the 
silver ion release are studied in this work. Tuning silver ion release by varying the 
total gas pressure, oxygen flow rate, silver concentration, barrier deposition rate and 
barrier thickness is presented. In addition, the kinetics of silver ion release in Ag/TiOx 
nanocomposites is discussed as well. 
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Chapter 1 
 
Introduction 
 
Bacterial contamination on various surfaces of medical devices, wound dressings, 
and food packaging is of serious global concern, and poses great threat to device 
efficiency and lifetime [1]. Generally, bacteria adhere to these surfaces followed by 
growth under suitable environmental conditions to form so-called biofilms; the only 
effective way to remove the biofilm-induced contamination/infection is to discard the 
contaminated devices and replace with new ones, which is extremely inconvenient 
and costly. Therefore, it is highly desirable to design high-performance antibacterial 
materials which can strongly resist and kill bacteria. 
Nanosilver is the most promising antibacterial material which has exhibited a 
much greater antibacterial effect compared to bulk silver material due to its large 
surface area and size/shape-dependent physicochemical properties [2]. Moreover, 
silver nanomaterials have a broad spectrum of antibacterial activity to kill a variety of 
bacteria existing in everyday life. However, it is still unclear how to fabricate silver-
containing coatings with strong antibacterial effects and good biocompatibility and 
environmental safety. Aggregation of silver NPs, uncontrollable release of silver ions 
significantly reduce antibacterial effects of nanosilver [3]. Titanium oxide, with great 
durability and biocompatibility, has pronounced potential to retard silver aggregation 
and form homogeneous silver NP distribution in coatings on various substrates. 
Besides, silver/titanium oxide nanocomposites can also tune the release of silver ions 
for long-lasting antibacterial effects and reduce cytotoxicity. In addition, titanium 
oxide can serve as an antibacterial material even after all the silver NPs have been 
released. Therefore, it is profitable to combine silver NPs and a titanium oxide matrix 
Ch. 1 Introduction 
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to form multifunctional composites for various applications. The applications of 
silver/titanium oxide nanocomposites as promising antibacterial materials have also 
been studied intensively, however, how the nanocomposite morphology (silver NP 
size, shape, distribution and concentration) affects the mechanism of silver ion release 
and the study of controlled silver ion release has not been investigated systematically. 
Silver/titanium oxide nanocomposites can be synthesized with various 
approaches, such as chemical synthesis, ion implantation and magnetron sputtering 
[4–6]. Magnetron sputtering has been widely used due to its flexibility, its simplicity 
in combining materials, and its ability to tailor the size distribution. Considering the 
relatively low deposition rate and the complex production of titania targets used for 
RF magnetron sputtering, DC reactive sputtering from a metallic titanium target 
appears to be much more attractive. It not only provides controllable structures, sizes, 
and morphologies, and also allows formation of films with controllable stoichiometry, 
but it is also straightforward to implement in industrial-scale production where 
relative high deposition rates and large area coatings are required.   
However, previous studies on silver/titanium oxide nanocomposite coatings have 
always showed strong segregation of silver towards the surface [7]. This would lead 
to abundant silver ion release in short time with the possibility of removal of silver 
NPs directly from the surface, preventing an exact tuning of the desired silver ion 
release properties. Moreover, the oxygen interaction with the silver NPs would cause 
formation of Ag2O or AgO oxide layers, which should be avoided for many 
applications [8]. Considering these effects, preparing silver NPs in their metallic state 
and preventing segregation of silver at the surface will be the key point in the 
preparation of well-defined silver based nanocomposites.  
Silver surface segregation is not only observed in magnetron sputtering 
preparation, but was also observed for silver/titania nanocomposites prepared in other 
ways. Yet, the factors influencing silver surface segregation in reactively sputtered 
nanocomposite thin films have not been investigated previously. In this work, a series 
of titanium oxide thin films containing different silver filling factors was synthesized 
by a DC reactive magnetron co-sputtering process at different total pressure and 
oxygen conditions. The aim was to minimize silver oxidation in conjunction with 
Ch. 1 Introduction 
 3 
controlling the surface segregation. An investigation on the influence of total pressure, 
silver filling factor, and titanium oxide barriers on the surface morphology evolution 
is presented. To gain additional insight into the role that oxygen and plasma 
conditions play in silver surface segregation, 2D layer-by-layer structures were 
deposited and the silver surface segregation behavior was investigated using X-ray 
photoelectron spectroscopy (XPS) as a surface sensitive method. It was observed that 
silver surface segregation depends on the silver filling factor of the composite and 
that it is largely independent of the oxygen partial pressure used in the sputtering 
process. At high total pressure, even sputtering of pure TiOx barriers is - different 
from non-reactive sputtering of TiOx - not sufficient to prevent the strong surface 
segregation effect. Surface segregation is only thoroughly suppressed by reduction of 
the total pressure during reactive sputtering, allowing the formation of a dense 
composite film. Based on this principle, silver surface segregation can be further 
reduced by deposition of TiOx barriers with very high sputtering rates. Furthermore, 
the relation between the morphology of the nanocomposites and their optical 
properties is presented. 
Additionally, silver ion release kinetics from 2D/3D nanocomposites consisting 
of different silver concentration was investigated. It was observed that the silver ion 
release rate has a strong relationship to the total pressure: the coatings prepared at 
lower pressure present a lower but long-lasting release behavior. The much dense 
structure produced under these conditions reduces the transport of water molecules 
into the coating. In addition, the influence of microstructure and thickness of titanium 
oxide barriers on the silver ion release were investigated intensively. Moreover, 
tailoring silver ion release for the coatings prepared at high total pressure was also 
developed; stable and long-lasting silver release can be achieved by depositing a 
barrier at a high rate. Nanocomposites produced under these conditions show a 
perfectly controllable silver ion release property for applications as antibacterial 
coatings. 
Characterization of nanocomposites was performed in terms of the release of 
silver ions and the control of the surface segregation of the 2D/3D nanocomposite 
systems by using a combination of different analytical techniques such as Scanning 
Ch. 1 Introduction 
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electron microscopy (SEM), Transmission electron microscopy (TEM), UV-visible 
spectroscopy (UV-Vis), X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD) and atomic absorption spectroscopy (AAS). A strong correlation was found 
among the results obtained by the different techniques. 
The dissertation is composed of six chapters. The first one gives an introduction 
to the subject of the silver/titanium oxide nanocomposite and the silver ion release 
process. Chapter two deals with the theories associated at various stages of this work. 
Chapter three presents the experimental set up and characterization techniques which 
were employed in this work. Chapter four demonstrates the synthesis of 2D/3D 
silver/titanium oxide nanocomposite thin films and the investigations on the surface 
segregation of nanocomposites. Chapter five shows the silver ion release properties of 
2D/3D silver/titanium oxide nanocomposite thin films and the discussion about the 
kinetics of silver ion release. Finally, chapter six summarizes the whole work and 
gives an outlook for the future. 
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Chapter 2 
 
Theory 
 
 
2.1 Ag/TiOx nanocomposite 
 
Nanocomposite materials based on metal NPs (guest) in/on oxide matrices (host) 
have attracted great attention due to their intriguing chemical and physical properties, 
which can be tuned as a function of metal NP size, shape, distribution and mutual 
interactions [9]. As a matter of fact, the novel characteristics and functional 
performances of such nanocomposites are not only derived from interfacial metal 
NPs/matrix interactions, but also largely depend on the composition gradients, the 
presence of defects and roughness. In addition, the surface microstructure and 
chemical composition of metal NPs may result in an unstable state due to their high 
reactivity and energy, leading to undesired changes of the system properties such as 
segregation phenomenon on the surface. Therefore, a thorough understanding of the 
instability and general properties of nanocomposite systems becomes the key issue in 
the study of their microstructure, morphology, chemical composition and advanced 
use in various fields. 
The NPs based on 11th group metals (Cu, Ag, Au) have fascinated people’s 
research interests for centuries; in particular, silver is known for its water and air 
purifying ability, for use in vases, pottery and other ornaments. Nowadays, the 
biological activity of Ag NPs make it a suitable candidate for applications in industry 
and medical instruments as an antibacterial material compared to the corresponding 
bulk counterparts.  
Ch. 2 Theory 
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For the supporting matrices, metal oxides have received increasing attention due 
to their unique structures and different characteristics. Among the various oxide hosts, 
TiO2 has been thoroughly studied owing to its novel features, such as optical 
transparency in the visible range, perfect dielectric property, thermal stability and 
weak interactions with metal NPs. As a consequence, Ag-TiO2 nanocomposites have 
stimulated significant research interest in various areas such as photocatalysis, gas 
sensing, optical devices, solar cells and antimicrobials [10–14]. 
 
2.1.1 Titanium oxide thin films 
 
Titanium oxide has been extensively studied by researchers as a stable and 
harmless material for many promising applications such as optical coatings, 
photocatalysts, sensors, solar cells, pigments, sunscreens, paints, etc. [15–26]. The 
majority of research on titanium dioxide is based on amorphous and three crystalline 
phases (anatase, rutile and brookite), as well as in various forms (thin films, NPs, 
nanowires, etc.) [27–30]. An exponential growth of research activities has been 
reported in enhancing the crystalline quality of titanium dioxide, especially focusing 
on anatase and rutile phases [31–34]. However, recent research has placed much 
emphasis on understanding the structure and morphology properties of amorphous 
titanium oxide, which is a less processed and much cheaper material [35–41]. 
TiO2 thin film coatings are useful for many applications because the promising 
properties of high refractive index, durability, biocompatibility, high hardness, low 
absorption, etc. [42,43]. Many methods have been employed to prepare TiO2 thin 
films, such as sol-gel [44–46], chemical vapor deposition (CVD) [47–49], 
hydrothermal [50–52], pulse laser deposition [53,54], atomic layer deposition (ALD) 
[55–57] and magnetron sputtering [58–60]. Among these techniques, magnetron 
sputtering is the most attractive and common method because it is an industrial 
process applicable to large scale and wide area deposition, and high quality and high 
deposition rates can be achieved under proper conditions. Only amorphous, anatase 
and rutile phases have been found in the deposited films, and these different phases 
can be controlled by the sputtering parameters, such as oxygen partial pressure, total 
Ch. 2 Theory 
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pressure, substrate temperature, target-substrate distance, bias, deposition rate and 
some assistant-combined devices [20,61].  
Strong correlation has been observed between the total pressure and the 
crystalline phases of titanium dioxide, and it was found that the energy of the 
deposition particles in the sputtering process is responsible for the microstructure and 
the crystalline phase of titanium oxide [19,20,62–64]. M. Yamagishi [65] produced a 
rutile/anatase mixture TiO2 crystalline structure at a very low total pressure (0.3 Pa), 
and it was proven that the sputtered Ti atoms and the high energy oxygen gas 
particles are able to deposit on the substrate without collisions because of the relative 
longer mean free path at low total pressure, forming a highly oriented crystalline 
phase. Another item contributing to the formation of rutile phase of TiO2 is related to 
the density of ionic Ti
4+
, O
2-
 in the plasma process which increased with decreasing 
total pressure [66]. As depicted in Figure 2.1, the kinetic energies of both Ar neutrals 
and oxygen negative ions become almost zero when the total pressure increased to 3 
Pa, indicating no bombardment of high-energy particles during film deposition 
growth. The average kinetic energy of the Ar
0
 or O
2-
 impinging on the substrate can 
be estimated from the Kevin-Meyer equation [65]: 
0 0( )exp ln
k
B BkAr iAr
i
E
E E k T N k T
E
  
    
  
                                                              (2-1) 
where iE  and kE  are the initial and kinetic energies of Ar
0
 or O
2-
, respectively. T  is 
the temperature of sputtering process and N  is the collision number. 
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Figure 2.1 The calculated average kinetic energies of (a) Ar neutrals recoiled at the target 
and (b) negative oxygen ions (O
2-
) accelerated in the cathode sheath reaching the growing 
film surface as a function of the Ptot. Elastic collisions are assumed in the gas mixture of 70% 
Ar and 30% O2. Reprinted from [65], Copyright (2003), with permission from Elsevier. 
 
Oxygen partial pressure is considered to be related to the discharge parameters, 
such as discharge voltage, deposition rate and plasma potential. With increasing 
oxygen partial pressure, the deposition rate of titanium oxide and plasma potential 
drop, and discharge voltage increases [67]. In addition, as the oxygen partial pressure 
increases, the deposition rate of titanium oxide decreases drastically due to the 
increasing compound coverage on the surface of the target. The composition of 
Ch. 2 Theory 
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deposited films are changing from metallic to titanium sub-oxide mixture and pure 
titanium dioxide [68] . 
Considering the energy of the nucleation sites is a function of temperature, the 
crystalline phase of titanium oxide thin films also can form through substrate heating. 
Basically it is insufficient to form the rutile phase at room temperature, and the 
mixture structure of anatase/rutile phase can be formed when the substrate 
temperature rises up to 300 °C. However, the grain size of titanium oxide increases 
with increasing substrate heating temperature, due to a thermal effect by the reaction 
between Ti particles and oxygen atoms on the substrate [69]. Besides, the post 
annealing process has the same effect on the phase change of titanium oxide films at 
various temperature [70].   
Moreover, in order to expand the application fields of TiO2 thin films, 
development of the surface modification such as doping metal elements is necessary 
[71–77]. For example, doping of noble metal elements into TiO2 coatings has 
attracted intense research interest due to their promising antimicrobial use for 
biomedical applications [78–80]. 
 
 
 
2.1.2 Silver NPs and ions 
 
Ag NPs are clusters of silver atoms that range from 1 to 100 nm and are 
attracting research interest due to their many innovative properties which are 
associated with their enhanced functional characteristics [81–84]. Owing to their 
antimicrobial properties, Ag NPs are the most commonly used engineering 
nanomaterials for use in a broad array of medical applications [85–88]. Silver nitrate 
(AgNO3) has been used since the 17th century as an essential medical product, and 
nowadays silver-containing agents are used in coatings on medical devices, food 
packaging, water disinfectants and textiles [89,90]. 
Metallic silver NPs can strongly affect silver's bioavailability towards any 
biological systems because silver can be oxidized and result in the release of silver 
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ions. In the presence of oxygen and moisture, metallic silver NPs are oxidized, which 
results in the release of Ag ions. In the study of Liu et al. [91] the purpose was to 
clarify the kinetics of silver ion release from Ag NPs. The results indicated that the 
silver ion release is a cooperative oxidation process involving protons and dissolved 
oxygen. In solutions containing no other oxidants or reductants, the global reaction 
stoichiometry should be: 
   ( ) 2( ) ( ) 2 ( )
1
2 2 2
2
s aq aqAg O H Ag H O
 
                                                                  (2-2)                                               
where 0rxnG  value is 91.3KJ mol  at room temperature. From this equation, one 
can see in the presence of dissolved oxygen, silver ion release is enhanced when the 
pH value is decreased, demonstrating the importance of protons and oxygen. In 
addition, a decreasing pH environment would  increase the dissolution of metallic 
silver NPs [92]. The surface charge of Ag NPs is negative at a neutral pH value; if the 
surface charge of Ag NPs is neutralized as a function of pH, aggregation occurs. 
Silver ion release increases with temperature and decreases with increasing pH value 
or addition of humic or fulvic acids. 
Silver oxidation is a slow reaction which strongly depends on the Ag NPs 
properties [93], therefore in many studies the dissolution of the silver NPs was found 
to be size-dependent, as the ion release rate increases exponentially as the particle 
size decreases [94,95]. Smaller particles were found to be more toxic due to the larger 
surface area of the same mass of silver which could facilitate faster dissolution and 
silver ion release. Classically, a modified form of the Kelvin equation, also known as 
the Ostwald-Freundlich equation, is used here to describe the size dependent 
solubility of NPs. 
0
2
exp( )
S V
S RTr

                                                                                                          (2-3) 
where S is the solubility( mol Kg ) of spherical particles with radius r , 0S is the 
solubility of the bulk, V is the molecular volume( 3m mol ),   is the surface tension 
in 2mJ m  , R  is the gas constant and T is the temperature. According to equation (2-
3), the solubility of NPs increases exponentially as the particle size decreases; the 
Ch. 2 Theory 
 11 
most significant enhancement in the solubility is expected for extremely small 
particles, i.e. particle sizes less than 5 nm [96]. In addition, metal particles of small 
sizes around 5 nm present electronic effects, which are defined as changes in the local 
electronic structure of the surface because of size. These effects are supposed to 
enhance the reactivity of metal particles [97]. 
However, in other studies, no correlation between particle size and dissolved 
silver ions were found after Ag NPs were coated in different ways [98,99]. For 
instance, Yang et al. [98] reported that the dissolved silver ions from the Ag NPs with 
larger size was twice that of smaller NPs, because the coatings and interactions with 
biomolecules can influence silver ion release rate, as ionic species in solution can 
affect the sizes and size distribution of Ag NPs.  
Additionally, it has been shown that ion release rate is facet dependent because 
of the presence of facets with specific crystallographic orientations, which is related 
to the percentage of surface atoms and activity [96]. Morones et al. [100] reported 
that the reactivity of Ag NPs is favored by high atom density facets such as {111} 
and caused a strong interaction with the surface of bacterial membrane. 
Since Ag NPs are unstable in suspension and easily aggregate with each other, 
different kinds of coatings and capping agents are used to decrease aggregation and 
speed up dissolution of Ag NPs [101–104]. Aggregation occurs when the attractive 
forces between NPs are greater than the repulsive forces. If the repulsive forces are 
larger than attractive forces, an energy barrier for particle aggregation will be created 
and aggregation will not happen. The stability of silver NPs has strong influence on 
their antimicrobial ability, because silver ions are considered to be one of the main 
silver toxicity factors. Furthermore, different coatings and capping agents may result 
in different surface charges, which could significantly influence Ag NPs interaction 
with microbial system [105]. Usually, capping agents and coatings are used to 
enhance the Ag NP colloidal stability and the choice of capping material used to 
protect or passivate the NP surface. Furthermore, if Ag NPs were completely covered 
by sorption of organic compounds, van der Waals attractive force would be shielded, 
which would prevent NPs aggregation. These sorbed agents would modify the surface 
characteristics of particle surfaces and change the interactions of NPs with the 
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medium. For instance, sorption of hydrophobic groups may promote destabilization 
of the NPs, while hydrophilic agents could slow down aggregation of NPs [106]. 
The behavior of Ag NPs in different aqueous media is difficult to conclude due 
to the complex environment of Ag NPs in these solutions. The most important things 
for the behavior and effects on bio-organisms include aggregation and oxidation of 
Ag NPs, subsequent dissolution to dissolved Ag ions, solubility of silver ions in 
solutions and reactions changing the reactivity of Ag metal NPs [107–109] . Factors 
such as media composition, ionic strength, pH value, dissolved organic matter, 
humidity of the environment, dissolved oxygen concentration, temperature and their 
concentration would all influence the transformation of Ag NPs in the solutions 
[106,110–116] .  
To evaluate the fate of Ag NPs in aqueous solutions, the dissolution or release of 
silver ions and the stability of Ag NPs with regard to their size and colloidal 
dispersion. With decreasing size of Ag NPs, the potential for silver ion release 
increases and moves from the silver sulphide extreme (minimum release) toward 
silver nitrate extreme (maximal release) [117]. Very small Ag NPs can be transported 
with the water and easily interact with bio-organisms. However, if the size of Ag NPs 
is larger due to aggregation, they become less mobile and will tend to slow down the 
ion release process.  
From the equation (2-3), silver ion release is supposed to be dependent on the 
presence of oxygen. Release can be promoted by methods to pre-establish the 
chemisorbed oxygen complex and inhibited by scavenging reactive oxygen 
intermediates from the surrounding medium [116]. The presence of ligands for silver 
ions may lead to increased dissolution of Ag NPs by formation of Ag
+
 complexes 
[118].  
In addition, the conditions of storage environment such as relative humidity have 
a great impact on Ag NPs transformation. As observed by Glover et al. [119] new Ag 
NPs were formed near the parent ones when stored under ambient and dark 
conditions at relative humidity larger than 50%. The authors proposed a three-stage 
model for new particles formation (Figure 2.2). First, the surface of Ag NPs becomes 
oxidized in the presence of water and oxygen, producing silver ions in the absorbed 
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water layer. Second, these dissolved silver ions diffuse away from the parent Ag NPs 
as a result of the strong concentration gradients around the parent particles. Finally, 
new smaller metallic Ag NPs are reformed through reduction of the silver ions on the 
surface. Both chemical and photo-reduction seemed to be crucial for the last step of 
the process. Additionally, it was found that light also had a great influence on the 
extent of Ag NPs degradation and reformation (photo-reduction process). The parent 
particles exposed to a 100% relative humidity chamber but held in ambient light 
condition showed significant degradation, while the sample held in darkness showed 
little degradation.   
 
Figure 2.2  Proposed pathway for new particle formation away from parent Ag NPs. 
Reprinted with permission from [119]. Copyright (2011) American Chemical Society. 
 
 
Despite the promising advantages of using Ag NP based applications, the 
potential human health and environmental concerns are heightened due to the 
widespread use of Ag NPs in washing machines and similar usages, which can cause 
direct Ag ions release into environmental or biological systems. The rapid consuming 
of Ag NPs in commercial products leads to an estimated 270 tons released per year 
into the environment [120]. This release could be toxic to human cells and other 
organisms in different concentrations [121–123]. For instance, Braydich-Stolle et al. 
[124] found that silver concentration between 5 µg/mL and 10 µg/mL could induce 
toxicity to mouse spermatogonial stem cells. Moreover, the silver NPs are found to be 
Ch. 2 Theory 
 14 
toxic to mammalian cells at concentrations higher than 60 mg/L, while ionic silver 
retains its cytotoxicity even at 1 mg/L [125]. Thus the silver ion release potential or 
silver ion tuning becomes a key issue in silver nanomaterial products. The release 
potential of different silver materials can be distributed between the silver sulfide and 
silver nitrate extremes (Figure 2.3) [117]. One can easily find that bulk silver metal 
releases silver ions to a very small extent, and the potential for silver ion release 
increases as the size of silver metal decreases from bulk to nanosized particles. This 
may be due to the solubility and dissolution kinetics of silver that varies as a function 
of size as the silver metal size decreases. However, silver-ion materials and silver 
salts still have higher release potential, even as silver-ion release ability improves 
with smaller silver particle size [126]. 
 
Figure 2.3 Silver release and amount of silver required in products for different silver 
formulations. Reprinted with permission from [117]. Copyright (2011) American Chemical 
Society. 
 
In addition, silver ion release from titanium oxide nanocomposites has shown 
different properties [127,128]. For silver ion release in an aqueous solution, firstly, 
water molecules are required to enter the matrix to oxidize the metallic silver NPs; the 
diffusivity of water molecules through the titanium oxide pores and slits is related 
with the surface morphology, microstructure and hydrophilicity property of the 
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titanium oxide matrix [129,130]. Secondly, the oxidation of metallic silver NPs to 
silver ions would occur to a great extent when a larger total surface area of Ag NPs is 
exposed to water molecules. Lee et al. [131] found the fact that the oxidation of 
zerovalent Ag into silver ions at the surface of the NPs is the rate-limiting step and 
that the diffusion of silver ions out of the matrix is a very fast process compared to 
the ionization process. Silver ionization and release are dependent on water uptake 
and the morphology of the Ag NPs. Akahavan [128] found that the durability of the 
3D nanocomposite Ag-TiOx films was at least 11 times higher than the 2D films; 
silver ion release presented a slower but long-lasting property in the 3D 
nanocomposites compared to the 2D structure, which may be attributed to the inter-
diffusion of water, the Ag NP size and shape distribution, degree of particle 
aggregation and interaction of silver surface with the titanium dioxide host. 
2.1.3 Silver oxide forms 
 
Silver is always covered with an adsorbed atomic oxygen overlayer which 
prevents the further oxidation of the metal even under ambient conditions, and 
therefore the metal is strongly resistant to corrosion [132,133]. The occurring oxide 
thickness on silver exposed to ambient conditions is in the range 10-20 Å. The 
oxidation mechanism of silver in atomic oxygen is essentially linear-parabolic as 
postulated and experimentally confirmed [134]. The thermodynamical equilibrium of 
silver bulk and oxygen at standard temperatures and pressures 
2 2
1
2
2
Ag O Ag O                                                                                                   (2-4) 
lies, as will be calculated, at the right-hand side of the chemical reaction. However, 
the equilibrium constant pK  for the above reaction can be expressed as 
2
2 1 2( ) ( )p p Ag OK P
                                                                                                 (2-5) 
where p  and Ag  are the activities of Ag2O and Ag respectively (both values are 
unity), 
2O
P  is the equilibrium partial pressure of oxygen. Then substitution of pK  into 
the standard free energy equation yields 
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2
1
ln
2
T OG RT P                                                                                                       (2-6) 
where T  is the absolute temperature and R  is the universal gas constant. For 
298T K , then the change of free energy in this reaction (2-4) is 
1
298 11.2 .KG KJ mol
   , where Ag2O can be formed. 
Several observations related to the mechanism of the oxidation process are 
reported and should be taken into account for silver metal exposed to oxygen, such as 
the oxidation process depends on the temperature and the silver oxide growth is 
parabolic with time at constant temperature, etc. As oxygen diffusion is a 
temperature-related process, the silver oxidation rate will vary exponentially with the 
temperature because the oxygen diffusion coefficient increases exponentially with the 
temperature. The silver oxidation rate 
dy
dt
 can be expressed by the following 
Arrhenius equation: 
( )E RTdy Ae
dt
                                                                                                             (2-7) 
where A  is the pre-exponential factor, E  is the activation energy, T  is the absolute 
temperature and R  is the universal gas constant. 
The oxidation model reported by A. Rooij [135] pointed out that the transport of 
oxygen through the silver oxide layer is controlled by micro-pores at low temperature 
while dominated by Fickian diffusion at higher temperature. The oxygen diffusion is 
inversely proportional to the thickness of the silver oxide layer in the Fickian 
diffusion. And the oxygen diffusion is inversely proportional to the length of the 
micro-pore while at room temperature. However, a high oxidation rate at room 
temperature indicates a different oxidation process, which is known as gas flow 
through micro-pores. The oxygen flow through micro-pores depends on the 
dimensions of the pores and the mean free path of oxygen molecule collisions. In 
addition, the mean free path of oxygen molecules varies with pressure. At low 
pressures (free-molecular regime), the collisions between oxygen atoms are less 
frequent than the wall collisions and the mean free path of an oxygen molecule is 
larger than the dimensions of the pores; at higher pressures (viscous flow), where the 
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collisions with other molecules are frequent, the behavior of an individual oxygen 
molecule is determined by the motion of gas molecules. The oxygen atoms reaching 
the silver metal surface will form silver oxide films at room temperature, and this 
reaction is usually linear and with an oxygen flux of: 
2O
dy
F n
dt
                                                                                                                  (2-8) 
where 
dy
dt
 is the rate of silver oxidation, 
2O
n  is the gas density of oxygen. The 
interfacial reaction between oxygen atoms and silver metal results in a linear-
parabolic oxidation with flux and time.  
In the case of smaller silver NPs, the extremely small size (nm) results in the 
particles having a very large surface to volume ratio, and a negative shift in standard 
electrode potential which can enhance the interaction with oxygen molecule or atoms 
and are more easily oxidized than silver bulk [136]. Hence, it is very important to find 
the silver NPs oxidation process to optimize silver nanomaterials for various 
applications. Park et al. [137] proposed a "shrinking core" model for explaining the 
nanoparticle oxidation process based on his observation of Al particles; the major 
approximation for this model is the assumption that the NPs are spherical. The 
"shrinking core" model supposed that the metal oxidation process is dominated by 
three steps: 
Step 1: diffusion of oxygen through the outside film surrounding the particle to 
particle surface. 
Step 2: diffusion of oxygen through the oxide shell to the surface of particle core. 
Step 3: chemical reaction of oxygen with metal at unreacted core surface. 
The oxidation rate is slowed down with thickness increase of the oxidized layer 
covering the particle surface. Moreover, since the smaller size of silver NPs means a 
large surface to volume ratio and thus a higher surface energy than the silver bulk, the 
oxidation rate of smaller size particles is indeed faster than those of larger particles, 
which are also observed in Al and Si NPs [138,139]. 
Moreover, silver exhibits a high photosensitivity, which seems to be related to 
the oxidation state of the silver NPs. Concerning the intense interest of silver 
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antimicrobial activities, it was found that partially oxidized silver NPs appeared with 
preferential antibacterial ability because of silver-ion release [8,140–142] . It is 
reported that Spatial Modulation Spectroscopy (SMS) [143] is introduced to observe 
silver NP photoaging process and to avoid oxidation by the electron beam of 
transmission electron microscopy (TEM). The related optical measurement performed 
under nitrogen, argon or vacuum environments indicated that these oxygen-free 
atmospheres could prevent the oxidation of silver NPs [144–146]. However, a shell of 
lower contrast and some smaller particles surrounding the parent silver NPs was 
observed; the reduction of the silver NPs size may be attributed to overheating and a 
chemical modification under illumination in the ambient atmosphere [147–150]. The 
oxidation process clearly indicates a photochemical reaction at the metal-oxygen 
interface, involving native oxygen and UV light. The thin oxidation shell surrounding 
the silver metal core corresponds to a metal part where the density of free electrons is 
reduced due to the high chemical surface sensitivity of silver NPs [151,152]. The 
chemisorption of oxygen occurring at the silver NPs surface 
2 2( )adsAg O Ag O
                                                                                              (2-9) 
leading to the morphology and resonance wavelength change of silver NPs by a 
charge transfer from silver metal to the surroundings.  
This photo-oxidation process not only happened on spherical silver NPs but was 
also observed for other shapes of silver NPs [153]. The oxidation process in 
nanocubes is slower and less homogeneous than in spherical silver NPs, and an 
irregular oxide shell of low contrast is formed around the silver metallic cube ore 
which presents rounded corners and edges, which can be explained by the 
enhancement of electromagnetic field on edges and corners. 
Additionally, the effects of various surfactant stabilizers on the photo-oxidation 
process have been studied [142,153,154]. PVP exhibits a remarkable effect of 
slowing down the photo-oxidation process of silver NPs, whereas the citrate stabilizer 
is unable to protect silver NPs from oxidation because of its shorter carbon chain. 
Thus a dense shell of silica could prevent the silver metal core from oxidation for a 
very long period [155]. 
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Silver oxide (Ag2O) also plays an crucial role for morphological changes of 
silver nanoclusters [156]. A bimodal size distribution of silver cluster sizes is 
exhibited after oxygen exposure, with some clusters increasing in size while others 
decrease. In addition, a slight increase in silver cluster density was observed, 
indicating that the cluster redispersion simultaneously occurs with Ostwald ripening. 
It is well known that silver cluster growth can proceed by two processes. First, silver 
clusters can migrate on the substrate surface until they collide with each other, 
resulting in coalescence; secondly, silver clusters could grow by intercluster transport 
(Ostwald ripening), which is dependant on capillarity force. However, silver atoms or 
clusters are mostly stable under ultra high vacuum conditions, thus the formation of 
Ag2O in an oxygen gas environment could be the reason for silver growth, and the 
equilibrium oxygen partial pressure can be calculated to be 41.23 10  atm (0.094 
Torr). Since oxygen ions have an important effect on inducing Ag2O aggregation, a 
high oxygen flow rate should be avoided in the reactive sputtering process.  
Furthermore, it has been found recently that energetic oxygen ions with 
sufficient energy can modify the structure of Ag-TiOx nanocomposites and induce the 
diffusion of Ag to the surface of the titanium oxide matrix during reactive sputtering 
[157]. It is clear that in reactive sputtering processes of metal oxides, a huge number 
of oxygen ions are created at the target surface, which could be sputtered toward the 
growing film with energies often reaching the full cathode voltage. Therefore, it was 
assumed that such energetic oxygen ions strongly destroy the structure integrity of the 
nanocomposites and result in the diffusion of Ag atoms with oxygen ions onto the 
surface to minimize the surface energy of the system [158–161]. 
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2.1.4 Surfaces segregation  
 
Surface segregation refers to the enrichment of a material constituent at a free 
surface. Constituent atoms of small surface free enthalpy in a multicomponent system 
have the tendency to accumulate at the surface to reduce the total free enthalpy of the 
system, thereby causing a localized enrichment of this material on the surface [162]. 
The surface segregation was first predicted by Gibbs [163] who pointed out that the 
reduction of the surface energy is the driving force. The free energy of surface 
segregation can be given by 
s s sG H T S                                                                                                       (2-10)  
where sH  is the enthalpy of surface segregates, T is the temperature and S  is the 
entropy of surface segregates. 
The formation of segregation could happen at a surface, an interface, a 
dislocation and a grain boundary in metal alloys and composites. The segregation can 
be divided into two types: equilibrium segregation and non-equilibrium segregation. 
The equilibrium segregated state is the lowest energy state in a system and the extent 
of the segregation effect decreases with increasing temperature. However, non-
equilibrium segregation has only been observed in grain boundary regions during the 
quenching process, and the magnitude of non-equilibrium segregation increases with 
increasing temperature [164]. 
In the case of equilibrium segregation, the diffusion models for segregation to a 
free surface starting from a homogeneous bulk distribution system has attracted 
extensive investigation [165,166]. However, the solution to most conventional 
diffusion models based on Fick's first law could not provide a reasonable surface 
concentration profile for the segregating materials, e.g. the linear relationship derived 
between the surface concentration of the segregation part and 
1
2( )Dt , where D  is the 
diffusion coefficient and t  is the time, then the surface concentration is unlimited at 
t  . 
Since Fick's first law is no longer applicable when the concentration is very low, 
very high or the particle motion changes suddenly in a short distance, it needs to be 
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modified for the segregation to a free surface, where the particle motion is anisotropic 
[167]. The diffusion model was discussed in-depth by Cao [168]. 
Previous studies on Ag/TiOx nanocomposite coatings showed strong segregation 
of silver towards the surface. This originates from the driving force of silver to 
diffuse to the surface to reduce the interfacial and strain energies. This behavior 
contrast sharply to the behavior of metal NPs in polymers [169]. Here even 
embedding of metal NPs deposited on polymer surfaces was observed and attributed 
to the reduction of the high surface energy of the metal NPs. There is a driving force 
for embedding of metal clusters, the Gibbs free energy of a metal particle in the 
polymer is smaller than that of the particle at the surface. This is related to the relative 
high cohesive energy of metals which gives rise to a high Gibbs free energy of metal 
particles. The surface Gibbs free energy of metal particles can be reduced by 
embedding if the surface tension of the metal particles M  exceeds the sum of the 
interfacial tension MP  and the polymer surface tension P :   
M ﹥ MP + P                                                                                                           (2-11) 
Since the cohesive energy of metal particles is typically 2 orders of magnitude 
higher than that of polymers, the embedding of metal particles should require 
long−range chain mobility, and the polymer can easily accommodate the stress 
associated with the embedding process. However, the growth of silver NPs in the 
ceramic TiOx matrix is expected to give rise to large stress, which would cause large 
silver clusters favorably grown at the surface. 
It is reported [170] that the efforts towards suppressing the surface segregation in 
Ag/TiOx nanocomposite systems were successful by depositing 20 nm of TiOx 
continuously after switching the silver source in a non-reactive sputtering process. No 
large Ag NPs can be grown on the surface because the thickness of the 20 nm barrier 
is larger than the depth of the depleted zone and thus silver atoms from the bulk could 
not reach the surface. 
However, controlling surface segregation of Ag/TiOx nanocomposite systems in 
reactive sputtering processes is more complicated because reactive gas is involved. 
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What is happening during reactive sputtering process and why it is happening are still 
not clear and need to be investigated systematically. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ch. 2 Theory 
 23 
2.2 Physical Vapor Deposition 
 
Numerous techniques have been developed for the deposition of thin films, 
including sol-gel and hydrothermal methods, chemical vapor deposition (CVD) and 
physical vapor deposition (PVD). PVD is a variety of vacuum deposition used to 
deposit thin films by the condensation of a vaporized form of the desired film 
material onto various substrates. Typical PVD techniques include thermal 
evaporation, cathodic arc deposition, pulsed laser deposition and sputtering processes. 
In evaporation, atoms are removed from the source by thermal means, whereas in 
sputtering they are ejected from the solid target (source) surface through collisional 
impact of gaseous ions, which are then transported through a vacuum environment to 
the substrate. From among the different physical vapor deposition techniques, 
sputtering is clearly used extensively in both the scientific community and industrial 
plants to deposit a wide variety of thin film materials. Here we focus on sputtering 
processes and divide them into four categories: (1) dc, (2) RF, (3) magnetron, (4) 
reactive. 
 
2.2.1 DC sputtering 
DC sputtering is also known as diode or cathodic sputtering. Already in 1852, 
Grove observed the deposition of a metal thin film opposite the cathode of a dc glow 
discharge. Figure 2.4 depicts the common DC sputtering system configuration. 
Initially the system is pumped down to 10
-4
 –10-5 Pa for purity, and then the gas 
molecules are ionized and energized by collisions; eventually they will have enough 
energy to cause ejection of atoms from the cathode surface. However, at low 
pressures, the cathode sheath is wide and ions are produced far from the target, their 
chances of being lost to the chamber wall are great. The mean-free electron path 
between collisions is large, and electrons collected by the anode are not replenished 
by ion-impact-induced cathode secondary emission. Therefore, ionization efficiencies 
are low and only a small fraction of the gas is converted to ions, and self-sustained 
discharges cannot be maintained below about 1.3 Pa. But if the pressure is too high, 
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the sputtered atoms undergo increased collisional scattering and are not efficiently 
deposited, leading to a poor film quality. 
 
The major limitation of DC sputtering 
• DC sputtering is only effective for sputtering conductive samples. 
• The deposition rate is quite low. 
• In case of high resistivity of the target, running an appreciable current through 
would require an impossibly large voltage (~10
12
 V). 
• The lack of a current will extinguish the plasma and stop the process. 
• This practically limits DC sputtering to materials of a resistivity less than 106 Ω.cm 
(no insulators). 
 
                 Figure 2.4 depicts the common DC sputtering system configuration.  
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2.2.2 RF sputtering 
RF sputtering was invented as a means of depositing insulating thin films. 
Typical RF frequencies employed range from 5 to 30 MHz, however, 13.56 MHz has 
been reserved for plasma processing by the Federal Communications Commission 
and International Telecommunications Union. The basic configuration of RF 
sputtering is shown in Figure 2.5 (a). 
RF sputtering essentially works because the target self-biases to a negative 
potential. Once this happens, it behaves like a dc target where positive ion 
bombardment sputters away atoms for subsequent deposition as depicted in Figure 
2.5 (b). On the positive cycle, electrons are attracted to the cathode, creating a 
negative bias; on the negative cycle ion bombardment continues. The mobility 
disparity between the ions and the electrons is that the target will automatically tend 
to bias itself more negatively than the anode. This is because the highly mobile 
electrons enable a larger electron flow through the anode while the more sedentary 
ions provide a lower current to the cathode. This asymmetry creates a negatively 
biased current through the plasma. Normally the RF peak to peak voltage is around 
1000 V, electron densities are around 10
9
-10
11
 cm
-3
. On the positive cycle, electrons 
are attracted to the cathode, creating a negative bias; on the negative cycle ion 
bombardment continues. 
 
Figure 2.5 (a) The basic configuration of RF sputtering device; (b) The working principle of 
RF sputtering.  
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One can realize that both the target and substrate should sputter due to the reason 
that ac electricity is involved. This can be overcome by making the target area small 
compared to the substrate. Since capacitive reactance is inversely proportional to the 
capacitance or area, more voltage will be dropped across the capacitor of a smaller 
surface area. Therefore, for efficient sputtering the area of the target electrode should 
be small compared with the total area of the other electrode. It has been shown that 
the ratio of voltage across the sheath at the small capacitively coupled electrode (νt) to 
that across the large directly coupled electrode (νs) is given by 
4
t s
s t
A
A
      
          
                                                                                                                                          
(2-12) 
where As and At are the respective electrode areas [171].   
Although any type of film can be RF sputtered, deposition rates are still low. In 
addition RF power is not so simple, power supplies are expensive and additional 
circuitry is needed. The primary disadvantage of the use of RF power supplies, in 
addition to expense and reliability is the inherently low deposition rate. This is 
because magnetron sputtering, which relies on a closed electromagnetic trap at the 
target is fundamentally a dc concept. The RF field alternately opens and closes the 
trap, allowing electrons to escape when the trap is open and forcing electrons to cross 
magnetic field lines, and hence drop power in the discharge, which decreases the 
available power at the target when it is closed. The deposition rate for a given applied 
target power decreases with both increasing frequency [172] and increasing magnetic 
field [173]. 
 
2.2.3 Magnetron sputtering 
 
The original idea of magnetron sputtering goes back to Penning in 1936, who 
already achieved extremely high deposition rates in a cylindrical magnetron [174]. At 
this time, the potential of the magnetron for high-rate and large-area depositions was 
not yet recognized. The introduction of  balanced magnetrons in the early 1970s 
[175,176] was an important step in overcoming the limitations of the basic sputtering 
process. However, it was the development of the unbalanced magnetron in the late 
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1980s [177–181] that transformed the capabilities of this technique, and has 
subsequently been responsible for its rise in importance.  
A schematic diagram of a magnetron sputtering deposition device is shown in 
Figure 2.6 (a). It is a plasma-assisted deposition process, where the plasma is 
confined in front of the target surface, which has to be deposited, by magnetic 
confinement of the electrons. One can see in Figure 2.6 (b) the magnets are arranged 
in such a way that one pole is positioned at the central axis of the target and the 
second pole is formed by a ring of magnets around the outer edge of the target. 
Trapping the electrons in this way substantially increases the probability of an 
ionizing electron-atom collision occurring. The increased ionization efficiency of a 
magnetron results in a dense plasma in the target region. This, in turn, leads to 
increased ion bombardment of the target, giving higher deposition rates at the 
substrate. Target erosion by sputtering occurs with this electron race track because 
ionization of the working gas is most intense above this region. In addition, the 
increased ionization efficiency achieved in the magnetron mode allows the discharge 
to be maintained at lower operating pressures (typically, 10
-3
 mbar). In contrast to the 
electrons, the ions and neutral particles are almost not influenced by the magnetic 
field. 
 
Figure 2.6 (a) The basic scheme of magnetron sputtering; (b) The inner configuration of a 
sputtered target in magnetron sputtering.  
 
In a balanced magnetron sputtering, the plasma is strongly confined close to the 
target region. A region of dense plasma typically extends 60 mm from the target 
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surface. If the substrate is placed within this region, it can strongly influence the 
morphology and properties of the growing film on them.  While substrates positioned 
outside this region, however, will lie in an area of low plasma density and 
subsequently insufficient ion current draw at the substrates cannot influence the 
properties of the film. 
However, it can be a distinct advantage to deliver more energy to the substrate to 
achieve high adhesion films in some cases. A possible solution is “unbalancing” the 
magnetron configuration, or changing the magnetic field strength of the inner versus 
outer magnets. In an unbalanced magnetron device the outer ring of magnets is 
strengthened relative to the central pole. In this case, not all the field lines are closed 
between the central and outer poles in the magnetron, but some are directed towards 
the substrate, and some secondary electrons are able to follow these field lines. 
Consequently, the plasma is no longer strongly confined to the target region, but is 
also allowed to flow out towards the substrate. Thus, high ion currents can be 
extracted from the plasma without the need to externally bias the substrate.  
By modifying the magnetic field strength balance between the outer and inner 
magnets, one can tune the electron flux, and hence the ion flux, incident at the 
substrate. One way to characterize the magnet balance is the ratio K between the 
magnetic flux through the outer and the inner magnets,  
out
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                                                                                       (2-13)           
B┴ represents the magnetic field strength perpendicular to the magnet, and S is the 
area of the magnet [182]. 
Researchers have subsequently shown that substrate ion current densities of 5 
mA/cm
2
 and greater, i.e. approximately an order of magnitude higher than for a 
conventional magnetron, can be routinely generated when using an unbalanced 
magnetron [183–185]. However, for the opposite case where the central pole was 
strengthened relative to the outer pole, the magnet field lines which do not close in on 
themselves are directed towards the chamber walls and the plasma density in the 
substrate region is low, therefore this case is not commonly used because the ion 
currents are low at the substrates. 
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2.2.4 Reactive sputtering 
 
In reactive sputtering, compounds are deposited on substrates by sputtering from 
metallic targets in the presence of a reactive gas (e.g. Nitrogen, Oxygen), usually 
mixed with the inert working gas (normally Argon). By simply adding a gas that 
reacts with the metallic target, which can achieve a high sputtering rate and desired 
stoichiometry of the deposited film, it is possible to form a wide variety of functional 
compound thin film coatings. 
However, the addition of the reactive gas to the sputtering influences the 
deposition process in several ways and may cause some processing stability problems. 
An overly high supply of the reactive gas will cause target poisoning which could 
reduce the deposition rate significantly, while an insufficient supply of the reactive 
gas will lead to an understoichiometry compound thin film. Therefore there may exist 
optimum conditions where both desired stoichiometry film composition and high 
deposition rates can be achieved. Some aspects of the reactive sputter deposition 
processes are discussed in this part. 
The main issue that must be faced in the reactive sputtering process is that the 
reaction not only occurs on the surface of substrate, but also takes place on the 
surface of target materials and chamber walls. A model proposed by Berg et al. [186] 
provides an in-depth discussion of reactive sputtering. As depicted in Figure 2.7, we 
assume a target (area At) in front of a substrate surface (area As) in a sputtering 
chamber. Since there is reactive gas present, the reactions between metallic target 
atoms and the reactive gas will cause a fraction ψt of the target to consist of 
compound molecules. Then the remaining part (1-ψt) of the target surface consists of 
metallic non-reacted target atoms. The compound fraction at this surface area of the 
substrate is denoted ψs. Normally the sputtering rate for the compound that forms on 
the metallic target is significantly lower than the rate of pure metallic target material, 
thus the deposition rate of target decreases as the coverage degree of target compound 
increases. When the whole target surface is covered with the compound material, then 
the target poisoning happens and the rate of deposition decreases to a very low value. 
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              Figure 2.7 Flows of reactive gas during reactive sputtering process.  
 
If the addition of the reactive gas into the chamber is increased, initially the 
partial pressure of the reactive gas in the chamber remains very low as is shown in 
Figure 2.8 (a) for the reactive sputtering of titanium–oxygen systems. The oxygen 
partial pressure remains at a very low value at the initial stage because most of the gas 
reacts with the sputtered metallic titanium and is being getter pumped. When the flow 
of the reactive gas reaches a sufficiently high level, in this case at point A at about 
10.3 sccm, the partial pressure of the reactive gas suddenly increases to point B. This 
substantial change in the partial pressure is an effect of target poisoning. Once the 
TiOx compound forms on the target surface, the partial pressure increases because 
less sputtered titanium target material reacts with the oxygen gas. Any further 
increase in the reactive gas flow past point B just leads to a linear increase in its 
partial pressure because of the constant pumping speed. However, when the gas flow 
of the oxygen is decreased from point B, the partial pressure of the oxygen does not 
return immediately to its previous low value. Instead the partial pressure remains high 
as the flow is decreased compared to when the flow was increasing until the 
compound layer on the surface of the target is removed at point C. At this point, the 
flux of the sputtered titanium material increases rapidly due to its higher sputter yield 
compared with TiOx, which results in a higher gettering rate for the oxygen and a 
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reduction in its partial pressure to point D. The region ABCD denoted the width of 
"hysteresis loop", which is demonstrated extensively by Sproul and Berg [186,187]. 
The hysteresis behavior shows two stable states of the reactive sputtering 
process with a rapid transition region between them. The transition region (A-B) is 
triggered by compound formation on the surface of the titanium target. It is desirable 
to control the deposition in this transition region between the metallic mode and 
compound mode of the target to obtain a high deposition rate and optimum 
stoichiometry compound of thin films. But this is not easy in most cases by flow 
control of the reactive gas due to the unstable condition. 
It is reported that some groups [188,189] demonstrated that it is possible to 
control the partial pressure of the reactive gas directly during reactive sputter 
deposition to circumvent the hysteresis effect. Each group controlled the reactive gas 
partial pressure based on a different feedback signal: optical emission spectrometer 
(OES) signal, mass spectrometer and cathode voltage. 
The biggest advantage of controlling the partial pressure of the reactive gas 
during a reactive sputtering process is that there is no forbidden region between the 
metal and poisoned states of the target, and an operating point can be chosen that 
optimizes both the desired film properties and the deposition rate. Figure 2.8 (b) 
shows the hysteresis shape for the reactive sputtering of metallic titanium in an 
argon/oxygen mixture atmosphere using oxygen partial pressure control of the 
oxygen. The transition region between the metallic state and the poisoned state is 
continuous. As the partial pressure of the reactive gas is increased, the amount of 
oxygen in the film increases, and the deposition rate decreases. There is an optimum 
operating point along this curve that maximizes both the deposition rate and the 
desired property of the deposited film. 
Additionally, the hysteresis in the deposition rate and target erosion rate are 
shown in Fig 2.9. The target erosion rate and deposition rate have a significant 
decrease when the flow of the reactive gas reaches a sufficiently high level; however, 
when the gas flow of the oxygen is decreased, the target erosion rate and deposition 
rate do not return immediately to their previous values. 
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Figure 2.8 Typical experimental curves for a reactive sputtering process. (a) Oxygen partial 
pressure versus oxygen flow rate; (b) the hysteresis shape for the reactive sputtering of 
metallic titanium in an argon/oxygen mixture atmosphere using oxygen partial pressure 
control of the oxygen. Reprinted from [190], Copyright (2005), with permission from 
Elsevier. 
 
 
Figure 2.9 Calculated target erosion rate R and deposition rate D vs. total supply rate of 
reactive gas. Reprinted from [186], Copyright (2005), with permission from Elsevier. 
 
The hysteresis in the cathode voltage is more complicated. First, when constant 
power is applied to the cathode (target), the change in cathode voltage is quite 
different depending on the control method of the reactive gas. For the reactively 
sputtered TiOx system, the cathode voltage as a function of the oxygen flow when 
oxygen flow is the controlling variable is shown in Figure 2.10 (a). The cathode 
voltage initially increases as the oxygen flow rate is increased, but there is a 
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significant increase in the cathode voltage followed by a sharp decrease after 10 sccm, 
which points out that the target becomes poisoned. The cathode voltage remains high 
even when the flow is reduced after that. It is not decreased until the titanium oxide 
compound layer on the target surface is gradually removed, and then the cathode 
voltage returns to lower values corresponding to the metallic deposition mode. 
However, in Figure 2.10 (b), the plot of cathode voltage as a function of the 
reactive gas partial pressure is quite different from the Figure 2.10 (a). The cathode 
voltage increases as the partial pressure increases for the TiOx system, when the 
oxygen partial pressure is reduced, the cathode voltage also decreases, and the initial 
and final voltage values are nearly the same.  
Secondly, for the different target material, the behavior of cathode voltage 
changing as a function of reactive gas partial pressure is also different. For a titanium-
oxygen system, the cathode voltage increases as oxygen partial pressure increases. 
However, for the reactive sputtering of Al in an argon/oxygen atmosphere, the 
cathode voltage decreases as the partial pressure is increased. 
Since the ion-induced secondary electron emission coefficient is usually much 
higher for compound mode than for metals, and Ohm's law suggests the plasma 
impedance is effectively much lower in poisoned mode than metallic mode, this 
effect is reflected in the lower cathode voltage when the target become poisoned. But 
Lewis [191] reported that an increase in the reactive gas partial pressure in the plasma 
could actually reduce the plasma density due to a subsequent reduction in the 
ionization collision cross section, which leads to an increase in the target voltage. 
In the titanium-oxygen reactive sputtering process, the cathode voltage initially 
increases with increasing oxygen partial pressure, but as the oxygen continues to 
increase the cathode voltage falls. This indicates that initially there is a reduction in 
plasma density as the dominating factor controlling cathode voltage. As the reactive 
gas partial pressure continues to increase, the plasma density increases, and the 
increase in secondary electron emission for the titanium oxide compound takes over 
and thus lowers the cathode voltage; this phenomena is also confirmed by the 
experimental result of Mohamed et al. [62]. 
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One very positive advantage for cathode voltage is that an arc can be detected by 
sensing a drop in the cathode voltage. When the compound forms on the surface of 
target, it can charge up and cause an arc. Arcs usually result in droplets being ejected 
from the target surface, and these droplets obviously degrade the deposited film 
quality. Nowadays, pulse dc power is used most frequently to overcome arc in 
reactive sputtering by using a voltage reversal at the cathode to offset charge build up 
on the target surface during a negative pulse, which is the mode for sputtering, while 
during the positive pulse, electrons from the plasma are attracted to the target to 
discharge any charged regions. However, the film can eventually cover all surfaces in 
the chamber with pulsed dc reactive sputtering and cause a disappearing anode. This 
happens because this insulating compound film makes the electrons from the plasma 
not able to return to the power supply and thus the plasma will finally extinguish. 
 
 
Figure 2.10 For the reactively sputtered TiOx system. (a) The cathode voltage as a function 
of the oxygen flow when oxygen flow is the controlling variable; (b) The cathode voltage as a 
function of the oxygen partial pressure when oxygen partial pressure is the controlling 
variable. Reprinted from [190], Copyright (2005), with permission from Elsevier. 
 
Moreover, Okamoto [192] showed in 1986 that it is possible to change the shape 
of the reactive gas flow/partial curve by increasing the pumping speed of the system. 
The hysteresis effect is reduced until eventually there is no hysteresis as the pumping 
speed of the system is increased, but it comes at a very high cost for the extra pumps 
to achieve this high pumping speed. In addition, the hysteresis can also be eliminated 
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by simply reducing the size of the target sputter erosion zone [193] , or using 
conductive substoichiometric targets [194] for which only a low amount reactive gas 
flow is required.  
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Chapter3  
Experimental  
 
3.1 Experimental system 
 
In the work presented here, a high-vacuum (HV) system was constructed and 
used in order to enable highly flexible magnetron-based deposition of 2D and 3D 
nanocomposite coatings. 
As depicted in Figure 3.1, the HV system consists basically of a main deposition 
chamber and some other affiliated parts. The main chamber is pumped via turbo 
molecular pump (Pfeiffer TMU 260) backed-up by an oil-free scroll pump (Varian 
SH-110). The pressure of the main chamber is measured by MKS Baratron 
capacitance manometer. The base pressure in the main chamber is less than 10
-6
 Pa 
for all deposition experiments. The main chamber houses the sample holder and DC 
magnetron for Ti and RF magnetron for Ag as shown in Figure 3.2. 
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Figure 3.1 Deposition system constructed in the course of the presented work. 
1- main chamber                      5- sample shutter                              9- electronics rack 
2- DC magnetron                     6- Baratron (MKS)                         10- water cooling tubes 
3- RF magnetron                      7- QCM transfer rod 
4- sample holder                      8- gas flow controllers 
 
The sample holder is rotatable to ensure uniform deposition and it is mounted 
electrically disconnected to the chamber. Therefore, deposition can be conducted with 
the sample being either grounded or biased. The substrate plate (35 mm diameter) can 
be heated up to 1000K by a resistively heated Ti filament. 
The angle of magnetrons were 50º for both the Ti source and Ag source, and the 
distance between the Ti source and the substrate and the Ag source and the substrate 
were 6 cm and 12 cm, respectively. The DC magnetron for Ti source here is mounted 
on a manipulator which allows for variation of the target-substrate distance, 
increasing the flexibility of the system. In case of the desired morphology of Ag/TiOx 
nanocomposites, this deposition geometry ensures the homogenous growth of 2D and 
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3D models. The process gas Ar and O2 can be introduced into the chamber via a four-
channel gas flow controller (MKS) at flows of 2 200Ar   sccm and 
2
0.4 20O   sccm.  
Additionally, a quartz crystal microbalance (QCM200 controller with crystal 
oscillator, Stanford Research Systems) can be used in the main chamber in order to 
monitor the TiOx deposition rate. The operation temperature of the QCM is stabilized 
by water cooling to prevent errors due to thermal drift of the oscillator's resonance 
frequency. DC and RF magnetrons are water-cooled with an autonomous water-air 
chiller. 
 
Figure 3.2 Front view of the open main chamber 
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3.2 Sample preparation 
 
3.2.1 3D nanocomposite thin films 
 
The nanocomposite coatings were prepared on flat quartz (1 cm x 1 cm) and 
silicon (0.5 cm x 0.5 cm) substrates, as well as on carbon-coated copper TEM grids in 
a home-made deposition vacuum chamber by reactive co-sputtering from a Ti target 
(99.99%, Goodfellow GmbH)  and a Ag target (99.99%, Goodfellow GmbH)  from 
two independent magnetron sources. The deposition chamber was evacuated to a 
pressure of 10
-6
 mbar prior to deposition. Pumping was done by a rotary pump (Varian 
SH 110) in combination with a turbo molecular pump (Pfeiffer TMU 260). Gas 
mixture of argon and oxygen was injected with constant flux ratio of 60:1, 
corresponding to total pressure of 1.17 Pa (2 sccm O2), 0.45 Pa (0.75 sccm O2) and 
0.15 Pa (0.25 sccm O2), respectively. Ti target was sputtered by a DC planar 
magnetron source (ION’X 2UHV, Thin Film Consulting) and the Ag target by a RF 
magnetron source (ION’X 2UHV, Thin Film Consulting). The input power of Ti 
magnetron varied from 25 W to 90 W and the input power of Ag magnetron was in 
the range of 6 W to 30 W. The distance between the Ti source and the substrate and 
the Ag source and the substrate were 6 cm and 12 cm, respectively. The angles of 
incidence were 50º for both of Ti source and Ag source. Both continuous and 
independent monitoring of the deposition rates of the Ag and TiOx were done in situ 
by using the two quartz-crystal monitors. The deposition rates were monitored 
independently for Ag and Ti with quartz-crystal microbalances and by variation of the 
power applied to the magnetron sources the silver metal volume fraction (MVF) was 
controlled. The sample holder was rotated throughout the deposition process to 
achieve uniform and homogenous deposition on all the samples mounted on the 
sample holder. First, a titanium oxide buffer layer with a thickness of 10 nm was 
deposited to increase adhesion strength and relax the stress between substrate and 
coatings [195]. After that, the silver containing titanium oxide nanocomposite (30 nm 
in thickness) was fabricated with the rotation rate of a substrate holder at a constant 
 Ch. 3 Experimental  
 
 40 
rate of 9 rpm. Note that thicker films of around 200 nm were also prepared and 
showed the same surface morphology. The deposition rate of TiOx matrix always 
remained around 6 nm/min, and the Ag deposition rate varied for different MVF. For 
further study on barrier thickness, a varied titanium oxide in different thickness (0 
nm-60 nm) with different deposition rates were produced for adjusting silver ion 
release and morphology. The process is referred to as in-situ method and is depicted 
in Figure 3.3. The thickness of the coating was determined by using a surface 
profilometer (Dektak 8000) on a silicon substrate. Considering elevated temperature 
would risk increasing the Ag particle size and cause agglomeration, the experiments 
were all performed at room temperature conditions. 
 
Figure 3.3 Schematic representation of the fabrication of 3D silver-containing 
nanocomposite. (a) deposited a TiOx buffer layer on Si/quartz substrate; (b) co-sputtered 3D 
Ag/TiOx nanocomposites; (c) then cover with a TiOx barrier. 
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3.2.2 2D nanocomposite thin films 
The 2D models were prepared by a discontinuous process named ex-situ method. 
The chamber was evacuated to a low base pressure (about 4*10
-6
 mbar), then10 nm 
titanium oxide buffer layer were prepared by DC reactive sputtering as already 
described above. After that, 2 nm Ag layer were deposited by RF sputtering technique 
on the buffer layer in pure Ar atmosphere(120 sccm Ar, 1.15Pa) with 10 W 
power(around 1 nm/min). Later on, the 2 sccm oxygen flow was introduced again to 
produce 10-50 nm capping layer with different deposition rate to investigate the 
surface segregation and silver ion release property. The process is referred to as ex-
situ method and is depicted in Figure 3.4.The deposition rate was calibrated and the 
thickness of the film was monitored by a quartz-crystal microbalance and 
profilometer. 
 
Figure 3.4 Schematic representation of the fabrication of 2D silver-containing 
nanocomposite. (a) Deposited a TiOx buffer layer on Si/quartz substrate; (b) deposited 2 nm 
nominal Ag nanoparticle layer with pure Ar; (c) then cover with a TiOx barrier. 
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3.3 Sample characterization 
3.3.1 Scanning electron microscopy (SEM) 
 
SEM is a type of electron microscope that produces images of a sample by 
scanning it with a highly focused beam of electrons. The electrons interact with atoms 
in the sample, producing various signals that can be detected and that contain 
information about the sample's surface topography and composition and other 
properties. The electron beam is generally scanned in a raster scan pattern, and the 
beam's position is combined with the detected signal to produce an image. However, 
SEM also presents many other advantages over traditional light microscopy such as 
improved resolution capacities, high depth of focus and simplified interpretation of 
the images and preparative work, etc. 
When the primary electron beam scans the sample surface, depending on the 
material and acceleration voltage, secondary species are created in a so-called 
interaction volume that can be used for imaging and analysis. The signal used most 
frequently for the creation of images are the secondary (SE), backscattered electrons 
(BSE) and X-rays as well as depicted in Figure 3.5. The SE signal is most commonly 
used for imaging mode and derives its contrast primarily from the topography of the 
sample. These electrons have low energy and are easily influenced by voltage fields. 
The BSE signal is caused by the elastic collision of a primary beam electron with a 
nucleus within the sample. 
In addition, materials are often identified by using the generated X-rays that are 
analyzed using a combined energy dispersive X-ray spectrometer (EDX). X-rays are 
emitted which are characteristic in energy for the constituent chemical elements. A 
histogram of the X-ray intensities versus their energy called an X-ray spectrum 
enables not only the identification but also the quantification of the chemical elements 
present in the specimen. EDX has served as a powerful tool for the determination of 
the metal-volume-fraction (MVF) and the local atomic concentration of metal atoms 
in the composite thin films. This has been done by comparing it with a standard 
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metallic film of the known comparable thickness. In this work, SEM measurements 
were performed using SEM (Zeiss Supra 55VP). 
 
Figure 3.5 Schematic representation of the electron-specimen interaction in a SEM. (a) the 
tear-drop model of the electron interaction volume and the volume/depth from which the 
different signals originate; (b) Various signals generated as a result of electron beam 
interaction with a solid (left panel). 
 
3.3.2 Transmission electron microscopy (TEM) 
 
TEM is an electron microscopy technique whereby a beam of electrons is 
transmitted through an ultra-thin specimen, interacting with the specimen as it passes 
through. An image is formed from the interaction of the electrons transmitted through 
the specimen. TEM consists essentially of three parts, the electron gun where the 
beam is generated, electromagnetic lens system, sample holder and imaging system. 
The electron gun emits almost monoenergetic electrons with small wavelengths that 
are directly correlated with the spatial resolution. Therefore, specimens have to be 
thin enough to allow for transmittance of electrons. While the electron transparency is 
a function of electron energy and atomic number of the sample, the sample is 
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typically required to be thinner than 100 nm. For atomic resolution imaging, a 
specimen thickness even below 10 nm might be necessary. 
The image quality depends on the imaging mode, which could be divided into 
bright field and dark field. In the bright field imaging, an aperture is placed in the 
back focal plane of the objective lens that allows only the direct beam to pass, then 
the image results from a weakening of the direct beam by its interaction with the 
sample. By using the occlusion and the absorption of the electrons, contrast is formed 
in the sample image. Regions with lower diffracted potential appear dark in this 
bright field imaging depending on the structure factor of the specimen. Thick areas or 
areas in which heavy atoms are enriched and crystalline areas appear with dark 
contrast. In dark field imaging, one or more diffracted beams are allowed to pass the 
objective aperture because the direct beam is blocked by the aperture. Since diffracted 
beams have strongly interacted with the specimen, enough information about particle 
sizes, stacking faults and planar defects can be obtained. 
In addition to real-space imaging, the short wavelength allows for 
crystallographic investigations by electron diffraction. An advantage of TEM 
compared to other diffraction techniques, such as XRD, is the ability to probe a 
specimen's crystallography locally, down to the nanometer range. Accordingly, one 
refers to selected area electron diffraction (SAED), which is a useful tool here to 
figure out the chemical form of silver NPs. The same advantage holds for nanoprobe 
EDX which can be performed by TEM with lateral resolution in the nm-range.  
All TEM measurements and analyses presented in this thesis were performed by 
U. Schürmann from the group of Prof. Kienle. The investigation was conducted with 
a Tecnai F30 G2 STwin. For the study of the individual Ag NPs, carbon-coated Cu-
microgrids (S160-3, Plano) were analyzed using a Tecnai F30 G
2
 microscope 
working at an accelerating voltage of 300 kV. Scanning (S)TEM images displaying 
atomic number dependent (Z)-contrast were recorded with a high angle annular dark 
field detector. For cross-sectional TEM investigations, lamellae specimens were 
prepared by focused ion beam (FIB) milling using a lift-out method with a FEI Helios 
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Nanolab system. The lamellae produced by FIB cutting were characterized via TEM 
using a Tecnai F30 STwin microscope (300 kV, field emission gun (FEG) cathode, 
spherical aberration coefficient Cs=1.2 mm). For EDX analysis, a Si/Li detector 
(EDAX System) was used. In addition, crystallography was probed locally by 
selected area electron diffraction (SAED). 
 
3.3.3 X-ray photoelectron spectroscopy (XPS) 
XPS is the most common technique for quantitative chemical state analysis of 
surface because of its relative simplicity in use and data interpretation [196]. It was 
developed in the research group of Kai Siegbahn for the chemical analysis of gas 
molecules and is also known as Electron Spectroscopy Chemical analysis (ESCA). 
With the development of ultra high vacuum (UHV) technology, XPS became suitable 
for the analysis of solid surfaces. XPS spectra are obtained by irradiating a material 
with a beam of X-rays while simultaneously measuring the kinetic energy and 
number of electrons that escape from the top 1 to 10 nm of the material being 
analyzed. It can detect all elements with an atomic number of 3 (lithium) and above. 
The reason it cannot detect hydrogen and helium is the binding energy of these 
electrons is quite small compared to the excitation energy of the x-ray photon and 
hence the absorption efficiency is very small. 
Basically, when a solid surface is irradiated with X-rays, photon electrons are 
emitted due to the photoelectric effect, hence the energy spectrum of these electrons 
yields information about the initial state of those electrons and therefore about the 
chemical composition of the irradiated solid as shown in Figure 3.6. The core electron 
is excited by photon with energy һν, if the excitation energy is great enough; the 
electron is ejected from the atom with a well defined kinetic energy Ek. The atom is 
left in an excited, ionized state with a hole in its electron shell, thus the binding 
energy EB of the electron can be calculated with respect to the Fermi level by 
EB= һν -Ek- Ø                                                                                                             (3-1)                       
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where h is Plank constant, v is frequency of the radiation, Ek is the kinetic energy of 
the electron as measured by the instrument, Ø is the work function of the 
spectrometer (not the material). 
 
Figure 3.6 (a) The interaction of X-ray and irradiated atom when XPS works; (b) schematic 
illustration of XPS. 
The binding energies can be determined from the line positions and the elements 
present in the sample identified; the plot has characteristic lines for each element 
found in the surface of the sample. Besides the photoelectron lines we can find the 
lines in the electron energy spectra which are due to the Auger effect; when the core 
electron leaves a vacancy, an electron of higher energy will move down to occupy the 
vacancy while releasing energy by photons or Auger electrons, each Auger electron 
carries a characteristic energy that can be measured. The exact binding energy of an 
electron depends not only upon the level from which photoemission occurs, but also 
upon: (1) the formal oxidation state of the atom and (2) the local chemical and 
physical environment. These give rise to small shifts (< 5 eV) in the peak positions in 
the spectrum, so-called chemical shifts. Usually species with a higher electron density 
or valence state are shifted towards lower binding energy. And an increase in 
oxidation state causes the binding energy to increase due to a decrease in the 
screening of the bound electron from the ionic core. The ability of XPS to determine 
oxidation states is used extensively in catalysis research. 
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All XPS measurements here were performed with XPS full lab (Omicron 
Nanotechnology GmbH), under ultra high vacuum analytical chamber of a vacuum 
about 10-9 mbar. Our XPS setup consists of a magnesium/aluminum twin anode X-
ray source (VG Microtech XR3E2), hemispherical electron analyzer (VSW 
Instruments EA 125, a detection system and a data analyzer. The Al anode was 
operated at a typical power of 266 W (14.8 kV, 18 mA). The line position and 
intensity of the elements (Ag, Ti and O2) in XPS spectra were measured and 
compared by other typical spectra shown in the handbook of X-ray photoelectron 
spectroscopy [197]. 
3.3.4 X-ray Diffraction (XRD) 
 
XRD is an analytical method used for determining the atomic and molecular 
structure of a crystal, in which the crystalline arrangement of the atoms cause a beam 
of X-rays to diffract into many specific directions. English physicists Sir W.H. Bragg 
and his son Sir W.L. Bragg developed a relationship in 1913 to explain why the 
cleavage faces of crystals appear to reflect X-ray beams at certain angles of incidence 
(θ) [198]: 
nλ=2dsinθ                                                                                                                  (3-2) 
where d is the distance between atomic layers in a crystal (lattice planes), and λ is the 
wavelength of the incident X-ray beam; n is an integer. This observation is an 
example of X-ray wave interference, commonly known as X-ray diffraction as 
depicted in Figure 3.7.  
By measuring the angles and intensities of these diffracted beams, a 
crystallographer can produce a three-dimensional picture of the density of electrons 
within the crystal. From this electron density, the mean positions of the atoms in the 
crystal can be determined, as well as their disorder, chemical bonds and various other 
information. 
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Figure 3.7 (a) X-ray wave interference; (b) principle and illustration of XRD 
However, X-ray diffraction measurements of "thin" (1-1000 nm) films using 
conventional θ/2θ scanning methods generally produce a weak signal from the film 
and an intense signal from the substrate. One of the ways to avoid intense signal from 
the substrate and get stronger signal from the film itself is to perform a 2θ scan with a 
fixed grazing angle of incidence, popularly known as GIXRD. The fixed angle is 
generally chosen to be slightly above the critical angle for total reflection of the film 
material. It is used to study surfaces and layers because wave penetration is limited. 
Distances are on the order of nanometers. Below (typically 80%) the critical angle of 
the surface material studied, an evanescent wave is established for a short distance 
and is exponentially damped. Therefore Bragg reflections are only coming from the 
surface structure. An advantage of GIXRD is that the electric field at the critical angle 
is amplified locally by a factor of four, making the signal stronger. A disadvantage is 
the limited in-plane spatial resolution. 
In this thesis, crystallographic properties of thin films were investigated with a 
Seifert XRD 3003 in 2θ (20º-70º) and grazing incidence angle (5º). The x-ray source 
provides Cu-K_ radiation (λ= 1.54 Å). The determination of Miller indices for the 
observed diffraction peaks is based on the ICDD database PCDFWIN, v.2.1 (2000). 
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3.3.5 Profilometer 
A profilometer is a measuring instrument used on a surface's profile, in order to 
quantify its roughness and film thickness. A typical profilometer can measure small 
vertical features ranging in height from 5 nm to 800 μm [110]. In this technique, a 
diamond stylus is moved vertically in contact with a sample and then moved laterally 
across the sample for a specified distance and specified contact force. The height 
position of the diamond stylus generates an analog signal which is converted into a 
digital signal which is stored, analyzed and displayed. The horizontal resolution is 
controlled by the scan speed and data signal sampling rate. In this work a DEKTAK 
8000 was used for our measurements. The radius of the diamond stylus was 12.5 μm 
and the stylus tracking force was factory-set to 50 mg. 
 
3.3.6 Quartz crystal microbalance (QCM) 
A QCM is used for in situ monitoring of the thickness of films deposited by 
physical vapor deposition techniques. A crystalline quartz is piezoelectric and 
initially oscillates at its natural frequency, which is typically 5 MHz [113]; 265-3500 
serial of quartz from MDC company (Hayward, CA 94545) were selected in our 
chamber. As a material is deposited on the substrate, it is also deposited on the sensor. 
Depending on the density and the amount of the deposited material, the sensor’s 
frequency will drop from its initial frequency. The rate and thickness can be 
calculated from this frequency shift. A conventional STM−100/MF quartz 
microbalance monitoring system was used in this work for film deposition monitoring. 
The calibration procedure is affected by three different parameters: material density, 
material Z-Factor, and tooling factor. The tooling factor is a deposition system 
geometry correction (location of sensor relative to the substrate), while density 
(gm/cc) and Z-Factor are material factors. Rate computation is based on the rate of 
the change of thickness readings, updated four times per second, and then filtered for 
display. Also the raw measured frequency of the sensor crystal is available from the 
instrument [135]. 
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3.3.7 UV-Vis/NIR Spectroscopy 
An ultraviolet, visible and near infra red (UV-Vis/NIR) spectroscope is the 
instrument which is used to measure the intensity of light before and after passing 
through a sample; the ratio of one to the other is named transmittance and is 
expressed as a percentage, and absorbance can be calculated from the value of 
transmittance. The transmittance T  can be defined as: 
0
I
T
I
                                                                                                                        (3-3) 
where 0I  is the intensity of the incident light and I is the intensity of the transmitted 
light. In parallel, the absorbance A  can be described by the transmittance: 
10 10
0
log log
I
A T cd
I
                                                                                     (3-4) 
where  is the molar extinction coefficient, c is the concentration of the absorbing 
species, and d  is the path length through the sample, this is also named Beer-
Lambert law. 
The typical spectral range of the spectroscope is generally from 185 nm to 3300 
nm. Absorption measurements can be at a single wavelength or over an extended 
spectra range. Since there is a linear relation between absorbance and concentration of 
the absorbing molecules, this makes UV-Vis/NIR spectroscopy very useful for 
quantitative measurements of optical materials. 
The minimum requirements of an instrument to study absorption spectra are 
shown below: the light source of radiation of appropriate wavelengths which is 
normally a deuterium lamp for UV measurements and a tungsten-halogen lamp for 
visible and NIR measurements; a monochromator and optical lens for isolating light 
of a single wavelength; sample handling for introducing the test sample into the light 
beam; a means of detecting and measuring the light intensity. 
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In this work, the optical properties of the Ag/TiOx nanocomposites which were 
deposited on quartz substrates were characterized using Perkin Elmer Lambda 900 
UV-Vis/NIR, with a deuterium lamp for UV measurements and a halogen lamp for 
visible and near infrared measurements and also two different detection systems: a  
photomultiplier in the UV and visible range and a lead sulfide detector for near 
infrared. Coatings are placed in a small masking apparatus in order to examine the 
specific area. It is important not to smudge or leave fingerprints on the curettes. This 
will cause scattering of the light and lead to erroneously high absorption values. 
Because silver NPs have strong surface plasmon resonances in the visible range of the 
electromagnetic spectrum, the absorption spectra of the Ag/TiOx nanocomposites 
were recorded between 350-900 nm in absorption mode and pure quartz substrate was 
used as a reference sample to get rid of the effect of the substrate. Due to the small 
size of the silver NPs in our model system, the scattering was neglected and only 
absorption was considered. 
 
3.3.8 Atomic absorption spectroscopy (AAS) 
AAS is an analytical technique that measures the concentrations of elements. It 
uses the absorption of light to measure the concentration of gas-phase atoms. The 
analyte atoms or ions must be vaporized in a graphite furnace or flame, so the 
samples are usually liquids or solids. The atoms absorb ultraviolet or visible light and 
make transitions to higher electronic energy levels. Thus the technique makes use of 
the wavelengths of light specifically absorbed by an element. Consequently, an AAS 
needs the following three components: a light source; a sample cell to produce 
gaseous atoms; and a means of measuring the specific light absorbed. The 
concentration measurements are usually determined from a working curve after 
calibrating the instrument with standards of known concentration. Atomic absorption 
is so sensitive that it can measure down to parts per billion (ppb) of a gram in a 
sample. AAS can be used to determine over 70 different elements in solution or 
directly in solid samples employed in pharmacology, biophysics and toxicology 
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research. In this work, an AAS ZEEnit 600S (analytik jena AG) was employed with 
liquid samples at the Hygiene-Kiel trace analysis center/AAS Lab, University 
Hospital Schleswig-Holstein. The technique detection limit was µg/L for silver. All 
results are blank-subtracted averages of 3 replicate measurements. The analytical 
error as estimated from replicated sample measurements was less than 5% RSD 
(relative standard deviation) for silver concentration.  
3.4 Silver ion release measurement 
 
Since the Ag/TiOx nanocomposite are quite sensitive to exposure to moisture 
and light as already mentioned before [119], all the prepared samples in the current 
experiments were stored in a vacuum and in a dark environment.  
The silver-ion release measurements were performed by observing the ion 
concentration changes that occur as samples were immersed in 10 ml air saturated 
deionized water (PH=7, 0.06 /S cm   at 13 ºC) in small bottles made of high 
density polyethylene(HDPE) at room temperature for different time intervals. 
Samples which were deposited on Si were checked by XPS. Additionally, TEM 
measurements were carried out after immersion of the coated TEM grids in water for 
7 days. The released silver ion concentration in water was checked by AAS. This was 
done by immersion of samples prepared on Si in deionized water and after a definite 
period (40min, 2h, 1d, 3d, 7d), 5 ml of the water was removed from the bottle to be 
analyzed by AAS and replaced with new 5 ml for the next measuring time point as 
shown in Figure 3.8. This procedure has been optimized as it has been found that 
removing all the water could affect the sample by exposure to atmosphere directly or 
could change the starting point conditions for the next time step as there were always 
saturated drops left on the sample surface or in the bottle. However, removing the 
sample from the water also has problems as this could damage the sample and the 
remaining drops coated on the surface would dry and change the surface conditions. 
The half-water removal method is a suitable method which already had been proven 
by my previous colleagues' work to protect the solution system; the system was not 
affected too much by manipulation and enough water solution to repeat the AAS 
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measurement several times. The calculation of cumulative ion concentration is 
mathematically straightforward since the remaining 5 ml water solution contained the 
same amount of silver ions as the 5 ml water that have been removed. One thing 
needs to be mentioned: the AAS could not distinguish Ag ions from Ag NPs, 
However, since our samples were immersed in pure deionized water with 7PH  , 
only oxidation of Ag is expected at this value [91]. Additionally, SEM and TEM 
images after immersion of samples in water for 7 days have shown that smaller Ag 
NPs disappeared from the surfaces and matrix, which indicates dissolution of the 
particles in water and thus ion release. No mechanical detachment of the Ag NPs is 
expected in our experiments due to this, which means larger Ag NPs would dissolve 
and disappear first instead of smaller particles in contrast to our observations and 
literature [119,199].   
 
Figure 3.8 The performed half-water-change-method for AAS measurements. 
 Ch. 4 Surface segregation controlling in reactively sputtered Ag/TiOx nanocomposites  
 
 54 
 
Chapter 4 
Surface segregation controlling in 
reactively sputtered Ag/TiOx 
nanocomposites 
In this chapter the silver surface segregation controlled by different deposition 
parameters in 2D/3D reactively sputtered nanocomposite coatings with varied filling 
factor and barrier thickness were investigated. The conditions were chosen to allow 
high deposition rates. Total sputtering pressures were selected above and below 1 Pa 
since similar pressures have been used frequently in typical reactive sputtering 
deposition processes. The study of the composites surface/bulk morphology was 
performed to understand the mechanism and kinetics of the surface segregation in 
these reactively sputtered films. The evolution of the silver NPs and the variation in 
the morphology of the 2D/3D nanocomposite coatings were examined by SEM, TEM 
and XPS. Moreover, the optical properties of the nanocomposites were studied by 
UV-Vis. 
4.1 3D Ag/TiOx nanocomposites 
Magnetron sputtering has been widely used to prepare Ag containing 
nanocomposites due to its flexibility, simplicity in the combination of materials and 
tailoring in size distribution. Traditionally titania films have been prepared by non-
reactively sputtering method (RF magnetron sputtering), however, considering  the 
relative lower deposition rate, easy thermal-cracking and complex production of 
titania targets for RF magnetron sputtering, DC reactive magnetron sputtering has  
attracted intense interest since it not only provides controllable structures, sizes and 
morphologies, it also allows flexibility and forming films with controllable 
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stoichiometry. It is also straightforward to implement it in industrial-scale production 
for relative high deposition rates and large area coatings [200–202]. 
As described in previous content, constituent atoms of small surface free 
enthalpy in a multicomponent system have the tendency to accumulate at the surface 
to reduce the total free enthalpy of the system, therefore causing a localized 
enrichment of this material on the surface [162]. In the system of Ag/TiOx 3D 
nanocomposites, Ag surface segregation can be understood due to the high cohesive 
energy of Ag NPs and the low silver-titanium oxide matrix interaction energy, which 
leads to high Ag atom mobility on the growing nanocomposite surface and thus to Ag 
aggregation whenever Ag atoms encounter each other [170]. Furthermore, recently it 
has been found that energetic oxygen ions with sufficient energy can modify the 
structure of the growing matrix during reactive sputtering of transition metal oxides, 
i.e. TiOx. It can be attributed to the reactive plasma oxidizing the Ag NPs and results 
in the diffusion of silver atoms with oxygen ions onto the surface [157]. 
The surface/bulk morphology of Ag/ TiOx 3D nanocomposite coatings is 
influenced by a wide range of deposition parameters. Therefore, suitable deposition 
parameters had to be chosen to produce the desired coating properties, the reactive 
sputtering process was developed in order to be compatible with co-deposition Ag/ 
TiOx 3D nanocomposites. The total pressure, oxygen partial pressure and barrier 
deposition conditions have to be taken into account during the co-sputtering processes. 
4.1.1 Total gas pressure  
 
A series of SEM images in Figure 4.1 shows the surface evolution of Ag NPs in  
Ag/TiOx 3D nanocomposite coatings prepared at 1.17 Pa (2 sccm O2) flow rate as the 
amount of silver deposition is increased. Because of the higher secondary electron 
emission, silver will appear brighter than titanium oxide, therefore the white 
agglomerates on the surface are identified with silver. For (a) 9%, (b) 15% and (c) 
30% silver containing nanocomposites, there was a clear tendency of Ag NPs size 
growth and aggregates as silver concentration increased, from tens of nanometers to 
several hundreds of nanometers when the Ag filling factor increased from 9% to 30%. 
Surface segregation is significantly reduced for silver filling factors below a silver 
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content of 9% in this 3D nanocomposite model. As more silver is deposited, the 
surface segregation become more severe, thus silver surface segregation is in 
particular important for high filling factors leading to the formation of very large 
particles. 
 
Figure 4.1 SEM images of the evolution of Ag nanoparticle distribution on the surface as the 
Ag filling factor is increased at 1.17 Pa (2 sccm O2). (a) 9% Ag filling factor without barrier; 
(b) 15% Ag filling factor without barrier; (c) 30% Ag filling factor without barrier 
 
Figure 4.2 shows that the X-ray photoelectron spectra of the evolution of Ag 3d 
core levels depends on the Ag filling factor during deposition at the surface (1.17 Pa, 
2 sccm O2). One can see clearly that the intensity of silver signal increased as the 
silver filling factor increased, which indicates more silver atoms diffused onto the 
surface leading to aggregation there. This is consistent with the results from the SEM 
images.  
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Figure 4.2 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the Ag filling factor during deposition at the surface using 2 sccm O2 at 1.17 Pa. 
 
Figure 4.3 presents the STEM cross-sectional pictures and EDX measurement of 
the Ag NPs size distribution in the bulk with 9% and 15% Ag filling factor (1.17 Pa, 
2 sccm O2) which are consistent with the previous SEM results. One can see that most 
of the Ag NPs exist in the matrix for the 9% Ag containing nanocomposite from 
Figure 4.3 (a). The silver NPs hiding inside the bulk are rather small, all around 5-10 
nm, and slight surface segregation is observed in this case; most Ag NPs are buried in 
the titania matrix as smaller sized NPs. However, very large and irregular Ag NPs can 
be found on the surface in the nanocomposite coating with 15% Ag filling factor from 
the Figure 4.3 (b), and more Ag NPs become aggregate in the matrix as the Ag 
concentration increased. A strong silver signal in the nanocomposite region and on 
the outer surface area is detected, which indicates that strong silver segregation to the 
surface occurred; the presence of a depletion zone is also detected. However, most of 
the silver is distributed within the matrix as very small sized NPs; even big clusters of 
around 40 nm diameter are formed near the outer surface. It is believed that the 
growth of the Ag NPs in the bulk would give rise to large compressive stress in the 
ceramic matrix, while on the surface the particles can grow unconstrained. 
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Furthermore, Figure 4.3 (b) shows the selected area diffraction pattern which has 
been indexed in agreement with the fcc lattice of the metallic silver state, as 
evidenced by the rings with diffuse intensity representing the various Miller planes.  
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Figure 4.3 The STEM cross sectional images and EDX results of Ag NPs (black point we 
marked already) size distribution in the matrix and on the surface with different Ag filling 
factor (1.17 Pa, 2 sccm O2). (a) 9% Ag filling factor; (b) 15% Ag filling factor 
In addition, since the morphology and structure of the titanium oxide depends on 
the energy of deposited particles, more dense and rigid coatings can be expected by 
reducing the total gas pressure here. A series of SEM images in Figure 4.4 shows the 
surface evolution of Ag NPs in Ag/TiOx 3D nanocomposite coatings prepared with 
15% Ag filling factor as the total gas pressure is decreased. All the samples show 
surface segregation morphology even at 0.15 Pa, which is an extremely low total 
pressure. However, the Ag NPs distribution on the surface is quite different. A 
random and more agglomeration particle distribution existed on the surface when the 
total pressure is high (1.17 Pa), while a more regular round shape and smaller Ag NPs 
was on the surface when the total pressure is decreased to 0.45 Pa. Moreover, the 
density of Ag NPs on the surface was further reduced by decreasing the total pressure 
to 0.15 Pa, which indicated that the total pressure plays a very important role in 
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controlling the surface segregation in Ag/ TiOx 3D nanocomposite coatings. Smaller 
size and well-distributed Ag NPs can be reached with very low total pressure, which 
is attributed to the much more dense titanium oxide matrix under the low total 
pressure [203]. An decrease in the total pressure would decrease the density of gas 
particles in the chamber and increase the cathode potential, which could strongly 
influence the probability of collisions and the acceleration of deposited particles and 
consequently the particle energy. 
Figure 4.4 SEM images of the evolution of Ag NPs distribution on the surface of 15% Ag 
containing nanocomposites without barrier as the total gas pressure decreased. (a)1.17 Pa (2 
sccm O2); (b) 0.45 Pa; (c) 0.15 Pa 
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4.1.2 Oxygen flow rate 
Because of the great influence of total gas pressure on the morphology of 3D 
nanocomposites, the influence of oxygen flow rate to the structure and surface 
morphology of 3D nanocomposites were also investigated at a relative high total 
pressure. However, oxygen flow rate was fixed as small as possible because silver 
oxide formation should be completely excluded in our case, because silver oxide 
could damage mammalian cells compared with metallic silver [127]. Therefore, one 
key point that should be noted in the reactive sputtering process is its influence on the 
chemical state of silver in the NPs formed inside. 
Because the reactive sputtering process has oxygen admixed as a reactive gas, 
one point that needs to be addressed is its influence on the chemical state of the silver 
in the deposited nanocomposite. In the Grazing incident XRD image of Figure 4.5, it 
is clearly shown that the amorphous titanium oxide forms an fcc lattice structure of 
Ag NPs in the prepared nanocomposite coatings when the oxygen flow rate was fixed 
at 2 sccm (1.17 Pa). Even when the oxygen flow rate was increased to 19.2 sccm (Ar 
flow rate was still fixed at 120 sccm), no indication for Ag oxide formation is 
observed. It is reported that the formation of silver oxide is limited and only metallic 
silver NPs existed at the surface in reactive sputtering process due to the more stable 
thermodynamical state [204], and the diffusivity of titanium is 8-9 times higher than 
the diffusivity of Ag. Furthermore, Lai et al. [205] pointed out that Ag oxidation can 
only occur at oxygen partial pressure higher than 0.094 Torr at room temperature. 
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Figure 4.5 XRD patterns of 3D composites prepared at 2 sccm O2 flow rate and 19.2 sccm O2 
flow rate, Ar flow rate were fixed at 120 sccm.  
Figure 4.6 presents the SEM images of the evolution of Ag NPs distribution on 
the surface of 15% Ag containing nanocomposites without a barrier as the oxygen 
flow rate increased. In both micrographs it is clearly visible that Ag segregation onto 
the surface occurred, and larger aggregates can be seen on the surface, which was 
prepared in the 19.2 sccm O2 atmosphere. The surface morphology evolution here 
indicates that the silver surface segregation can be induced under an excessive oxygen 
atmosphere. Recently it has been found that during the reactive sputtering of 
transition metal oxides, energetic oxygen ions with sufficient energy can modify the 
structure of the matrices; it can be assumed that the reactive plasma destroy the 
structure of silver film by oxidation of Ag and results in the diffusion of Ag atoms 
with oxygen ions [206–208].  
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Figure 4.6 SEM images of the evolution of Ag NPs distribution on the surface of 15% Ag 
containing nanocomposites without a barrier as the oxygen flow rate increased. (a) 2 sccm O2; 
(b) 19.2 sccm O2 
 
It is consistent with the result from Figure 4.7 which is the X-ray photoelectron 
spectra of the evolution of Ag 3d core levels depending on the oxygen flow rate 
during deposition at the surface. It clearly shows that the peak intensity of silver on 
the surface of nanocomposite film with 19.2 sccm O2 is much stronger than the 
sample produced at 2 sccm O2, which indicates that more silver atoms diffused onto 
the surface under the more oxygen-rich atmosphere, resulting in more silver surface 
segregation morphology.  
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Figure 4.7 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the oxygen flow rate during deposition at the surface 
 
 
4.1.3 The barrier effect 
Previous studies [209,210] suggested that Ag NPs segregation could be 
suppressed by depositing a capping layer of titanium oxide continuously via a RF 
sputtering method, and the Ag diffusion on the surface can be strongly retarded by a 
barrier thickness of some ten nanometers. However, we surprisingly found that 
coating a barrier at a moderate rate showed limited effect on suppressing the surface 
segregation at 1.17 Pa. This is totally opposite to the non-reactive method. Still, 
severe silver segregation happened on the surface even with a 60 nm barrier coating, 
and the particle size increased but the particle number decreased. 
SEM images clearly show the surface morphology evolution barrier coated 
evenly at 1.17 Pa, in Figure 4.8. It is surprising to find that large surface segregation 
still existed even after a 30 nm and 60 nm barrier was coated, some silver clusters 
 Ch. 4 Surface segregation controlling in reactively sputtered Ag/TiOx nanocomposites  
 
 65 
become smaller and others become bigger, indicating that a titanium oxide barrier 
does not work to suppress the Ag segregation in reactive sputtering process.  
 
Figure 4.8 SEM images of the surfaces of nanocomposites prepared with the15% Ag filling 
factor and different thicknesses of TiOx barriers at 1.17 Pa. (a) no barrier; (b) 30 nm barrier; 
(c) 60 nm barrier 
Figure 4.9 shows the X-ray photoelectron spectra of the evolution of Ag 3d core 
levels depending on the barrier thickness during deposition onto the surface with a 
15% Ag filling factor (1.6% O2). The Ag intensity was decreased to 75% after a 30 
nm titanium oxide layer was coated at a moderate rate, and only 44% intensity left 
after 60 nm TiOx coated in the same way. This indicates that simply increasing the 
barrier thickness does not play a significant role in suppressing the Ag segregation on 
the surface; metallic silver still appears on the surface due to the Ag NPs diffusion 
and segregation that made different size Ag NPs with an associated decrease in the 
inter-particle distance and particle coalescence, which is consistent with the results 
that were observed from the SEM images in Figure 4.8. 
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Figure 4.9 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier thickness during deposition at the surface at 1.17 Pa 
 
Figure 4.10 shows the surface morphology evolution of nanocomposites with a 
15% and 30% Ag filling factor that were prepared at 0.45 Pa. The surface segregation 
is still strong in both cases when no titanium barrier was coated but with more regular 
shape and size distribution compared with those produced at 1.17 Pa. However, the 
barrier layer shows a strong suppression effect in this case; we just switched off silver 
deposition and continued with reactive sputtering of titanium source, and no silver 
segregation on the surface after 30 nm barrier was coated, even when the Ag filling 
factor is 30%. Similar results are obtained when the total pressure was decreased to 
0.15 Pa. 
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Figure 4.10   SEM images of the surface morphology evolution of nanocomposites produced 
at 0.45 Pa. (a) 15% Ag, no barrier. (b) 15% Ag, 30 nm barrier. (c) 30% Ag, no barrier. (d) 
30% Ag, 30 nm barrier. 
 
Figure 4.11 shows the X-ray photoelectron spectra of nanocomposite thin films 
with a 30% Ag filling factor coated with different barrier thicknesses at 0.45 Pa. One 
can see that the silver signals were not found at all above a 30 nm barrier coating, 
which indicated the titanium oxide barrier deposited at low total pressure has a 
perfect segregation controlling effect.  We can find that only 3% silver signal was left 
after a 10 nm barrier was coated, and the intensity of silver signal on the surface 
reduced to 0.5% after depositing a 20 nm barrier; no silver signal was detected after a 
30 nm barrier was coated.  
In the reactive sputtering process, the microstructure and the surface morphology 
develop during the film growth, which is controlled mainly by the energy of 
depositing particles. When the energy of depositing particles decreases, the surface 
mobility decreases and the coalescence of crystals is limited. The depositing particles 
 Ch. 4 Surface segregation controlling in reactively sputtered Ag/TiOx nanocomposites  
 
 68 
are incorporated in the growing film at their impinging sites; high points on the 
growing surface receive more deposited material than valleys resulting in the 
formation of a more open microstructure and surface. An increase in the total pressure 
increases the density of gas particles in the chamber and decreases the cathode 
potential, which influences the probability of collisions and the acceleration of 
particles, and consequently the particle energy decreases. In contrast the oxygen 
partial pressure did not affect the surface morphology so markedly [203]. 
 
Figure 4.11 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier thickness during deposition at the surface using 30 % Ag filling factor and 0.45 Pa. 
 
In addition, the influence of deposition rate for a titanium oxide capping layer 
was also investigated in this 3D model system at a relative high total pressure (1.17 
Pa). Figure 4.12 shows the SEM images of the surface morphology evolution of 6% 
Ag containing nanocomposites coated with a 30 nm barrier produced at 1.17 Pa at 
high and moderate deposition rates. One can observe that the high deposition rate 
case (15 nm/min) in Figure 4.12 (a) presents a better surface segregation suppressing 
effect compared to the moderate deposition rate (6 nm/min) in Figure 4.12 (b), 
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indicating that a high deposition rate for a titanium oxide capping layer has a positive 
effect for suppressing silver surface segregation. 
 
Figure 4.12 SEM images of the surface morphology evolution of 6% Ag containing- 
nanocomposites coated with 30 nm barrier produced at 1.17 Pa with different deposition rate. 
(a) High rate (HR). (b) Moderate rate (MR) 
 
Figure 4.13 shows the TEM images of 6% Ag containing nanocomposites coated 
with a 30 nm barrier produced at 1.17 Pa with high and moderate deposition rates. 
One can see a more open structure of the titanium oxide matrix for the sample 
produced at a moderate deposition rate in Figure 4.13 (b) compared with the sample 
produced at a high deposition rate in Figure 4.13 (a). It is reported that the substrate 
temperature and deposition rate are among the chief variables affecting deposition 
rate. A lower deposition rate leads to a lower nucleation rate and an increase in the 
size of the critical nucleus. Also a discontinuous island structure is predicted to persist 
to a higher average coverage than at a high deposition rate. Therefore, it is clear that 
increasing the deposition rate for the titanium oxide capping layer results in smaller 
island structures which strongly changes the surface morphology evolution here [211]. 
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Figure 4.13 TEM images of 6% Ag containing- nanocomposites coated with 30 nm barrier 
produced at 1.17 Pa with different deposition rate. (a) High rate (HR). (b) Moderate rate (MR) 
In Figure 4.14, the XPS result shows the silver surface segregation suppression 
effect when different deposition rates were applied. One can see that less silver signal 
was detected under the high deposition rate process when the barrier thickness was 
fixed at 30 nm. Only 44% silver signal was detected on the surface after a 30 nm 
barrier was coated at a high deposition rate, and this value increased to 65% when 
deposited at a moderated rate. Thus theoretically, silver surface segregation can be 
suppressed by a sufficiently high deposition rate. 
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Figure 4.14 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier deposition rate during deposition at the surface using 6% Ag filling factor and 1.17 
Pa  
 
The optical responses from the nanocomposite coatings were also investigated. 
As shown in Figure 4.15, the 30% Ag containing nanocomposite without a barrier 
typically reveals a very broad bandwidth with a maximum absorption peak around 
500 nm, which indicates a non-homogenous size distribution of Ag NPs due to the 
pronounced surface segregation. However, a much narrower and stronger plasmon 
absorption band is observed for the sample coated with a 50 nm barrier.  Due to the 
absence of surface segregation, the average size of the Ag NPs is decreased resulting 
in an associated blue shift of the plasmon resonance [9]. The growth of larger Ag NPs 
in the nanocomposite was successfully suppressed as the surface segregation is 
eliminated by deposition of a thin barrier under low total pressure. Thus, surface 
segregation also strongly influences the optical properties of the nanocomposite, and 
controlling surface segregation represents a precondition for tuning the properties for 
its various applications.  
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Figure 4.15 UV-Vis spectrum of the optical response from 30% Ag nanocomposite thin films 
with and without barrier produced at 0.45 Pa 
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4.2 2D Ag/TiOx nanocomposites 
To better understand the mechanism of Ag NPs diffusion on the surface at high 
total gas pressure, 2D model systems were prepared at 1.17 Pa. A set of samples with 
a Ag nanoparticle layer of 2 nm nominal thickness coated onto a 10 nm TiOx was 
produced. TiOx barrier layers with varying thickness were deposited on top with the 
same moderate rate (6nm/min) as used for TiOx buffer layer. As shown in Figure 4.16, 
the SEM images indicate that silver still segregates to the surface even if the silver 
nanoparticle layer has been covered by a 50 nm TiOx barrier layer in one step. More 
discontinuous and larger island structures formed on the surface as the barrier layer 
thickness increased at a moderate deposition rate.  
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Figure 4.16 SEM images of the surface morphology evolution of 2 nm Ag layer coated with 
different barrier thicknesses produced at 1.17 Pa with moderate deposition rate. (a) no barrier 
(b) 10 nm barrier (c) 20 nm barrier (d) 30 nm barrier (e) 40 nm barrier (f) 50 nm barrier 
 
Figure 4.17 shows the X-ray photoelectron spectra of the evolution of Ag 3d 
core levels depending on the barrier thickness at a moderate deposition rate during 
deposition at the surface using 2 nm Ag layer and 1.17 Pa. The silver signal detected 
from the surface only decreased gradually from 66% to 16% as the barrier thickness 
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was increased from 10 to 50 nm. This clearly demonstrates that a strong surface 
segregation effect also occurs for already pre-formed silver NPs at high total pressure 
during barrier deposition. Many researchers [212,213] have reported the Ag diffusion 
process during a reactive sputtering process. In this process it can be assumed that the 
reactive plasma together with oxygen destroy the structure of the silver atom layer 
and results in the silver atom diffusion onto the surface, and the Ag layer structure has 
possibly been attacked by oxygen ions and thus been modified. Romanyuk  et al. [214] 
also confirmed that the formation of a very thin layer of Ag oxide in the interface 
between TiO2 and silver when a pure silver layer was exposed to reactive plasma 
containing oxygen. The process involves two steps: formation of thin layer of silver 
oxide and subsequent growth of the TiO2 thin films. 
 
Figure 4.17 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier thickness at a moderate deposition rate during deposition at the surface using 2 nm 
Ag layer and 1.17 Pa. 
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However, as presented in Figure 4.18, the SEM images clearly show that the 
silver surface segregation can be further reduced by using a higher deposition rate for 
the titanium oxide capping layers. No significant silver surface segregation was 
observed for the samples coated with barriers with high deposition rate. We suppose 
this could be ascribed to a larger nuclei formation rate at the higher deposition rate, 
suggesting that a continuous film is produced. The effect of a high deposition rate to 
suppress the silver signal for the 2D model demonstrates another way to control 
surface segregation at high total sputtering pressure. 
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Figure 4.18 SEM images of the surface morphology evolution of 2 nm Ag layer coated with 
different barrier thickness produced at 1.17 Pa with high deposition rate. (a) no barrier (b) 10 
nm barrier (c) 20 nm barrier (d) 30 nm barrier (e) 40 nm barrier (f) 50 nm barrier 
The better surface segregation suppression effect by using a higher deposition 
rate is also confirmed by the X-ray photoelectron spectra in Figure 4.19. One can see 
that the silver signal intensity on the surface is much weaker than the same samples 
coated with barriers at a moderate deposition rate, which is showed in Figure 4.16. 
This indicates that the silver surface segregation can be substantially reduced by 
increasing the deposition rate for the barrier layers. 
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Figure 4.19 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier thickness at a high deposition rate during deposition at the surface using 2 nm Ag 
layer and 1.17 Pa. 
 
Additionally, we deposited a 20 nm barrier on a similar 2 nm Ag nanoparticle 
layer with a discontinuous plasma process (10 nm gap after deposition of a 10 nm 
barrier) to compare it to a continuous plasma process where the barrier layers had 
been deposited in one step. All experiments were performed at a moderate deposition 
rate. Figure 4.20 shows the X-ray photoelectron spectra of this comparison. It is 
found that under moderate deposition, the discontinuously deposited barrier layer 
shows an intensity reduction only from 49% to 41% of Ag at the surface. This result 
indicates that the Ag surface segregation is a plasma-assisted oxygen-induced process 
and occurs as soon as the sample is exposed to activated oxygen. Another way to 
change the microstructure and morphology of the deposited thin film is to increase 
the deposition rate. As can be seen in Figure 4.20, the silver intensity on the surface is 
substantially decreased by increasing the deposition rate (HR, around 15 nm/min) of 
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the barrier. The silver signal on the surface is reduced to 9% under high rate 
conditions, and no change is observed for a high rate discontinuous process. 
 
Figure 4.20 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the plasma continuous and barrier deposition rate during deposition at the surface using 2 nm 
Ag layer and 1.17 Pa. 
 
In a comparative study, 10, 30 and 50 nm pure metallic titanium non-porous 
barrier layers were deposited on a similar 2 nm Ag nanoparticle layer without oxygen 
admixture. As shown in Figure 4.21, the X-ray photoelectron spectra indicates that a 
30 nm barrier layer is the critical size to cover all the silver NPs, and silver atoms 
diffusion onto the surface was stopped under pure Ar atmosphere, which further 
supports that Ag surface segregation is a plasma assisted oxygen induced process and 
occurs as soon as the silver atoms are exposed to activated oxygen.   
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Figure 4.21 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the titanium barrier thickness during deposition at the surface using 2 nm Ag layer and pure 
Ar atmosphere (120 sccm).  
 
 
 
 
 
 
 
 
 
 
 
 Ch. 4 Surface segregation controlling in reactively sputtered Ag/TiOx nanocomposites  
 
 81 
4.3 Conclusions 
 
A systematic investigation of the silver surface segregation phenomenon in a 
reactive sputtering process for the preparation of 2D/3D silver/titanium oxide 
nanocomposites has been presented. 3D silver/titanium oxide nanocomposite coatings 
have the great advantage of offering long-lasting stable silver ion release with defined 
silver NPs size, shape and distribution, while more simple 2D layer structures with 
deposition of the Ag NPs on the surface of TiOx buffer layer instead of 3D model 
made them directly accessible and easily investigatable regarding the geometrical 
arrangements of the Ag NPs and their morphology variations. It was found that the 
titanium oxide matrix is in an amorphous form and the silver NPs exhibit the fcc 
lattice structure of metallic silver for both chosen oxygen flow rates and total gas 
pressures. No silver oxide peaks were observed in either case. 
It is clearly evident that silver surface segregation can hardly be avoided even 
with the use of barriers when a high total pressure is used in the sputtering process for 
both 2D and 3D nanocomposites. At high pressure the silver segregation can be only 
slightly reduced by the use of barrier layers. Under these conditions the silver 
segregation is influenced by the rate used for the deposition of the barrier layers and 
is much reduced for higher deposition rates. This is ascribed to the larger nuclei 
formation rate at this higher deposition rate and leads to a continuous barrier film to 
suppress the silver segregation. 
Results showed that an effective decrease of silver surface segregation is only 
achieved when the total pressure during sputtering is reduced to 0.45 Pa or even 0.15 
Pa. Here, the silver surface segregation can be already completely suppressed using a 
capping layer of 30 nm thickness. This is believed to be caused by a much more 
densely packed TiOx layer formed at lower total sputtering pressure, whereas at 
higher total pressures, always porous TiOx layers are formed. This was confirmed by 
the TEM investigations that a textured silver NP arrangement formed in the 3D 
nanocomposites due to the porous TiOx matrix, while a more homogenous Ag NP 
distribution was observed after reducing the total pressure. Moreover, elimination of 
the surface segregation by coating with a 50 nm barrier results in a much more 
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homogenous size distribution of the silver nanoparticles in the nanocomposite giving 
rise to a much narrower plasmon absorption band with a blue shifted absorption peak 
maximum. These results indicated that the deposition conditions used for the 
preparation of reactively sputtered silver/titanium oxide nanocomposite thin films 
have a strong influence on the surface segregation behavior of the silver and thus on 
the morphology of the films produced. This is expected to have an important effect on 
the properties of the films prepared, e.g. their optical properties, silver release and 
ageing behavior.  
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Chapter 5 
Silver ion release in reactively sputtered 
Ag/TiOx nanocomposites 
 
In this chapter the silver ion release through 2D/3D silver/titania nanocomposite 
coatings with varied filling factors and barrier thicknesses by using different 
deposition parameters were investigated. Samples were then immersed in water for 
several time periods (40 min, 2 h, 1 d, 3 d and 7d) and the concentration of the silver 
ion released from the 2D/3D systems into the water was measured using the AAS 
technique. The study of the silver ion release property was performed by using SEM, 
TEM and XPS, and accompanied with a control of the nanocomposite morphology 
(Ag NPs concentration and distribution) to understand the mechanism. 
 
5.1 Silver ion release property in 3D Ag/TiOx 
nanocomposite thin films 
Since silver based nanocomposites have received great research interest for their 
promising applications in the medical field, the use of these nanocomposites should 
be taken with caution. T. Hrkac et al. [210] stated that for silver containing 
composites the antibacterial effect is often accompanied by cytotoxicity to 
mammalian cells. The therapeutic window of high antimicrobial activity without 
concomitant cytotoxicity should be taken into account carefully. Thus, a controllable 
silver ion release rate from nanocomposites becomes the key issue for the usage of 
silver containing composites. 
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Because the oxidation of silver would cause the diffusion of silver atoms with 
oxygen ions to the surface due to the relatively lower surface energy of Ag oxide 
compared to the titanium oxide matrix, and because of the possible cytotoxicity of 
silver oxide to the mammalian cells, largely silver oxide forms should be avoided in 
the reactive sputtering process. Figure 5.1 shows the grazing incident X-ray 
diffraction patterns of 15% Ag-containing nanocomposites prepared at different total 
pressures. The titanium oxide matrix is always in an amorphous form and the silver 
NPs exhibit the face-centered cubic (fcc) lattice structure of metallic silver for both 
chosen total gas pressures. The different background intensities in the XRD 
measurements correspond to differences in surface roughness and density of the 
coatings prepared under different pressure conditions. The sample prepared at 1.17 Pa 
has a more precipitous variation due to its more rough and porous surface 
microstructure. In addition, since the intensity of the characteristic silver X-ray 
reflexes is rather low, some silver oxide formation is possible and the intensity of the 
typical silver oxide X-ray reflexes might be too low to be detected. 
 
 
Figure 5.1  Grazing incident X-ray diffraction patterns of 15% Ag containing nanocomposite 
thin films prepared at different total pressure (0.15, 0.45, 1.17 Pa) 
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Figure 5.2 shows the cumulative concentration of silver ions released after an 
elapsed amount of time (40 min, 2 h, 1 d, 3 d and 7 d). One can see that the amount of 
silver ion release increased as the silver concentration increased. Furthermore, as 
shown in Fig 5.3, different barrier thicknesses were coated onto the different silver 
nanocomposites at 1.17 Pa. But it was observed that the silver ion release rate did not 
show a large decrease with a barrier coated on top, even with a barrier thickness of 60 
nm. As we mentioned before, this can be ascribed to the large silver surface 
segregation phenomenon happening at high total pressure. The silver surface 
segregation could not be suppressed by coating the barrier here due to the porous 
structure of  titanium oxide films. 
 
Figure 5.2 Relationship of the cumulative concentration of silver ion release to elapsed time. 
30 nm barrier coated Ag nanocomposites were produced with different Ag filling factors at 
1.17 Pa 
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Figure 5.3 Relationship of the cumulative concentration of silver ion release to elapsed time. 
5% and 15% Ag nanocomposites were produced with different barrier thicknesses at 1.17 Pa 
Moreover, the influence of the oxygen amount on the silver ion release was also 
investigated here. As depicted in Figure 5.4(a), the cumulative concentration of silver 
ions released was compared between two coatings which were prepared at different 
oxygen flow rates. One can see that the total silver ion amount released does not show 
a big difference after 7 days of exposure to water; however, we can find in Figure 
5.4(b) that the coating prepared with a higher oxygen flow rate has a higher release 
potential at the initial stage but a lower increase after 1 day in water compared with 
the coating prepared with lower oxygen flow rate. This may be caused by a more 
severe surface segregation happening when more oxygen was used and more silver 
atoms accumulated on the surface and are released at the initial stage. 
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Figure 5.4 (a) The cumulative concentration of silver ion release (b) and % relative silver 
release to elapsed time. 15% Ag nanocomposites were produced with different oxygen flow 
rates 
 
Figure 5.5 presents the silver ion release behavior of nanocomposite coatings 
prepared at different total pressures (1.17 Pa, 0.45 Pa and 0.15 Pa). One can find the 
sharp decrease of silver ion release after the total gas pressure was reduced from 1.17 
Pa to 0.15 Pa as shown in Figure 5.5(a). The amount of silver ion release decreased to 
a very low level when the total gas pressure was lowered to 0.15 Pa. Figure 5.5(b) 
shows the relative silver release after 7 days for the coatings prepared at different 
total pressures. The thin film prepared at 1.17 Pa has a very large release rate at the 
initial stage; nearly 50% silver is released into the water in the first day. After that, 
the silver ions are released at a very slow rate and only around 5% silver ions are 
released into the water from the 1st day to the 7th day. However, for the coatings 
prepared at lower total pressures (0.45 Pa and 0.15 Pa), a slower but more stable 
release was observed during the whole immersion period and only around 20 % silver 
is released into the water after 7 days for the sample produced at 0.15 Pa, indicating 
that the samples deposited at lower total pressures could offer a promising long-
lasting stable silver ion release property. 
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This can be explained from two aspects. Firstly, a higher total gas pressure 
results in a more open and porous structure which allows the silver NPs to release to 
the surface and release more silver ions at the initial stage. Secondly, the total gas 
pressure has a strong effect on the hydrophilic property of titanium oxide; the 
hydrophilic property can be improved by increasing the total pressure. The main 
factors influencing the hydrophilic property of titanium oxide are the crystal structure 
and surface roughness. Since here the titanium oxide exhibits an amorphous structure, 
the rougher surface at high total pressure plays a key role in increasing the 
hydrophilic property due to a greater surface area and more voids inside the layer 
[215,216] .  
 
Figure 5.5 (a) The cumulative concentration of silver ion release and (b) % relative silver 
release to elapsed time. 15% Ag containing nanocomposites were produced at different total 
pressures of 0.15, 0.45 and 1.17 Pa 
   Figure 5.6 shows the TEM images of the coatings with 15% Ag inside 
deposited at different total pressures of 0.15, 0.45 and 1.17 Pa, respectively. Ag NPs 
contacted each other and agglomeration happened everywhere in the sample prepared 
at 1.17 Pa due to the porous structure of TiOx matrix as shown in Fig. 5.6 (a). Thus 
more silver ions are released at the beginning after exposure to water. However, no 
silver agglomeration was observed when the total pressure was reduced to 0.45 or 
even 0.15 Pa as presented in Fig. 5.6 (b) and (c), respectively. The silver NPs are well 
distributed in the matrix, and a smaller size and more regular round particle shape can 
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be found when the total pressure is further decreased to 0.15 Pa. This can be ascribed 
to the more dense and rigid TiOx matrix that is deposited at lower total pressure 
largely reducing the silver mobility promoted by the admixed oxygen. 
 
Figure 5.6 BF-TEM images of Ag NPs size distribution in the matrix with of 15% Ag 
without barrier produced at different total pressures. (a) 1.17 Pa; (b) 0.45 Pa; (c) 015 Pa 
The surface morphology changes to the 15% Ag containing nanocomposite 
prepared at 0.45 Pa after 7 days exposure to water is shown in Figure 5.7 (a) and (b). 
One can see that the density of Ag NPs on the surface only shows a slight decrease 
and most of Ag NPs remain stable in size after 7 days immersion in water, while Ag 
NPs with a smaller size were found on the surface. Considering the slow but long-
lasting silver ion release from the coating, more silver ions are expected to be 
released from the bulk. 
 
Figure 5.7 SEM images of the surface morphology evolution of 15% Ag nanocomposites 
without a barrier deposited at 0.45 Pa before immersion in water (a) and after 7 days in water 
(b) 
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TEM measurements were also done after 7 days of immersion of the sample 
deposited on the TEM grid in water. Figures 5.8 (a) and (b) show changes in the 
morphology of 15% Ag containing nanocomposite before and after immersion in 
water. The density of silver NPs in the matrix becomes smaller after 7 days in water 
and most of the Ag NPs with smaller size disappear due to silver ion release, which is 
more favorable from smaller Ag NPs [94]. Note that some silver NPs on the surface 
may undergo the Ostwald ripening process because larger NPs may form by 
resorption of silver atoms. 
Figure 5.8 BF-TEM images of the surface morphology evolution of 15% Ag nanocomposites 
without a barrier deposited at 0.45 Pa before immersion in water (a) and after 7 days in water 
(b) 
Fig. 5.9 (a)-(b) show the HAADF-STEM images of the coating with 15% silver 
containing nanocomposite produced at 0.45 Pa before and after immersion in water. 
Note that some bigger silver NPs on the surface with growing size and distance 
between each other may undergo the Ostwald ripening process after immersion in 
water as presented in Fig. 5.9 (b). The larger Ag NPs on the surface are formed by 
resorption of new silver atoms depleted from the smaller Ag NPs in the bulk. The 
kinetics of Ostwald ripening depend on two separate factors: the free energy 
instability of the particles and the relative concentration of larger size particles [217]. 
The rate of particle reformation can be significantly sped up by increasing the relative 
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amount of larger spherical particles, i.e. the case in the bulk. After immersion in water, 
some silver ions that desorbed from the smaller NPs in the bulk have a high 
probability to resorb onto the larger and more-stable spherical particles nearby, 
inducing Ostwald ripening on the surface. The production of new, smaller silver NPs 
by the transfer of ions from larger silver NPs may be thought to increase the free 
energy of the system due to increased surface energy of smaller ones. However, the 
specific interaction between the silver NPs and surface, the low temperature 
combined with lasting ion release from the bulk, and the absence of relative larger 
silver NPs may contribute to the stability of these new particles. 
 
Figure 5.9 HAADF-STEM images of the surface morphology evolution of 15% Ag 
nanocomposites without a barrier deposited at 0.45 Pa before immersion in water (a) and after 
7 days in water (b) 
 
Figure 5.10 presents the silver ion release behavior of nanocomposite coatings 
with a 30 nm barrier prepared at different total pressure (1.17 Pa, 0.45 Pa and 0.15 
Pa). One can see that the amount of silver ion release for the coatings prepared at 0.15 
Pa and 0.45 Pa were all reduced to a very low level in Figure 5.10 (a). Less than 5 
µg/L silver ions were released after 7 days exposure to water. However, the amount 
of silver ions released for the thin film prepared at 1.17 Pa still shows a high release 
potential. Figure 5.10 (b) presents the relative silver release (%) during 7 days of the 
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coatings with 30 nm barriers prepared at different total pressure. It is surprising to 
find that after 7 days only around 10 % of the silver had been released into the water 
for the coatings prepared at 0.15 Pa and 0.45 Pa, while more than 40 % of the silver 
was released into the water for the sample prepared at 1.17 Pa during this period. 
 
 
Figure 5.10 (a) The cumulative concentration of silver ion release and (b) % relative silver 
release to elapsed time. 15% Ag containing-nanocomposites with 30 nm barrier were 
produced with different total pressures of 0.15, 0.45 and 1.17 Pa 
 
Figure 5.11 shows the SEM images of barrier layer effect to the controlling 
surface segregation of the nanocomposite coatings. It can be surprisingly found that 
the capping layer has no effect on suppressing the silver surface segregation under 
1.17 Pa, and still a large amount of silver NPs existed on the surface. It can be 
assumed that the oxygen induced by the reactive plasma resulted in the diffusion of 
Ag atoms when the titanium oxide barrier has a porous and loose structure. This is 
also the reason for the substantially higher silver ion release for the coating prepared 
at higher total pressure. However, no silver NPs diffused onto the surface after adding 
barrier layers when the total pressure was decreased to 0.45 and 0.15 Pa. This can be 
ascribed to the rigid and compact microstructure of the titanium oxide barrier at these 
conditions.  
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Figure 5.11 SEM images of the surface morphology evolution of nanocomposites with 30 
nm barrier produced with decreasing total pressures of 1.17 Pa (a), 0.45 Pa (b) and 0.15 Pa (c) 
The coatings with different silver concentration prepared at lower total pressure 
(0.45 Pa) show a similar release behavior compared with the samples produced at 
higher total pressure (1.17 Pa) as depicted in Figure 5.12, the silver ion release 
increased as the silver concentration was increased. The influence of barrier thickness 
was investigated for the samples prepared at lower total pressure (0.45 Pa), as shown 
in Figure 5.13; the silver ion release from the 15% Ag containing nanocomposites can 
be sharply suppressed after coating a 10 nm barrier. But the silver ion release cannot 
be further reduced when the barrier thickness is increased, even after a 50 nm barrier 
thickness has been coated.  
 
 
 Ch. 5 Silver ion release in reactively sputtered Ag/TiOx nanocomposites  
 
 94 
 
Figure 5.12 The cumulative concentration of silver ions release to elapsed time. Ag 
containing-nanocomposites were produced with different Ag filling factor at 0.45 Pa 
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Figure 5.13 The cumulative concentration of silver ions release to elapsed time. 15% Ag 
containing-nanocomposites were produced with different barrier thickness at 0.45 Pa 
 
The lower silver ion release ability after coating barriers can be explained by the 
evolution of the surface morphology. Figure 5.14 presents the XPS results of 30% 
silver containing nanocomposites with different barrier thickness prepared at 0.45 Pa. 
One can easily find that a very strong silver signal on the surface is observed when no 
capping layer was coated onto the 30% Ag containing coatings at 0.45 Pa. The silver 
signal is dramatically reduced when a titanium oxide barrier is coated on top. There, 
no silver signal is detected when a 20 nm or thicker barrier layer has been deposited, 
which indicates a perfect suppressing effect for the Ag surface segregation at lower 
total pressure. 
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Figure 5.14 X-ray photoelectron spectra of the evolution of Ag 3d core levels depending on 
the barrier thickness during deposition at the surface using 15 % Ag filling factor and 0.45 Pa 
 
Silver ion release from the composites is a very complex process, not only 
related to the silver NP size, shape and distribution, but also related to the water 
uptake, matrix properties, and even to the substrate. The silver ion release from the 
nanocomposites can be divided into three steps: (1) the water molecules diffuse into 
the bulk; (2) the surface of silver NPs become oxidized in the presence of oxygen and 
water, generating silver ions and desorb from the surface; (3) silver ions release from 
the bulk. Since the oxidation of silver NPs is quite a fast process in the water, the 
transfer of water molecules in the bulk is the key point influencing the release rate. 
Figure 5.15 shows the SEM images of the surface morphology evolution for the 
15% Ag nanocomposites with a 50 nm barrier deposited at 0.45 Pa before and after 7 
days of exposure to water. One can find that a 'channel' several micrometers in size 
was presented after 7 days of exposure to water. This hole formed by an impurity can 
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be the reason why the silver ion release is not gradually reduced after increasing 
barrier thickness.  
 
Figure 5.15 SEM images of the surface morphology evolution of 15% Ag nanocomposites 
with 50 nm deposited at 0.45 Pa before and after 7 d of exposure to water. (a) before water; (b) 
after 7 d in water 
The forming of this channel on the surface should be related to the nature of the 
titanium oxide amorphous structure. Fig. 5.16 shows the HAADF-STEM image of the 
morphology of 15% Ag nanocomposites with a 20 nm barrier deposited at 0.45 Pa. 
One can find that lots of 'nano-pores' are formed in the nanocomposite, and this 
would facilitate the water diffusion into the bulk at a fast rate. The difference of 
barrier thickness could be negligible when such a nanocomposite film is exposed to 
water, resulting in a similar release rate for the samples coated with barriers of 
different thickness. The silver ion release rate is then only related to the silver 
concentration in the nanocomposites and not to the barrier thickness.  
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Figure 5.16 HAADF-STEM image of the morphology of 15% Ag nanocomposites with 20 
nm barrier deposited at 0.45 Pa  
In addition, the influence of the barrier deposition rate to the silver ion release 
property was also investigated here. As depicted in Figure 5.17 (a), 6% silver 
containing nanocomposites with a 30 nm barrier deposited at different rates were 
prepared, and the coating with a high barrier deposition rate shows a lower silver ion 
release after 7 days in water compared with the film with lower barrier deposition rate. 
The relative silver release (%) was plotted in Figure 5.17 (b). One can find that the 
sample with a higher barrier deposition rate shows a stable release during a period of 
7 days, while the sample with a lower barrier deposition rate has a very low release 
potential after 1 day in water. This is due to the larger nuclei formation rate at higher 
deposition rates, leading to a continuous film favorable for suppressing the surface 
segregation effect. 
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Figure 5.17 (a) The cumulative concentration of silver ion release and (b) % relative silver 
release to elapsed time. 6% Ag containing-nanocomposites with 30 nm barrier were produced 
at different barrier deposition rates at 1.17 Pa 
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5.2 Silver ion release property in 2D Ag/TiOx 
nanocomposite thin films 
To better understand the mechanism of silver ion release under different 
conditions, 2D model systems were prepared. A set of samples with a Ag 
nanoparticle layer of 2 nm nominal thickness deposited onto a 10 nm TiOx buffer 
layer was produced at 1.17 Pa and 0.45 Pa. TiOx capping layers with varying 
thickness were deposited on top with the same moderate rate (around 6 nm/min) as 
used for the TiOx buffer layer. As shown in Figure 5.18, the samples coated with a 
10-50 nm barrier thickness only present a slight decrease in the silver ion release rate 
compared with a film without a barrier, indicating a similar silver ion release behavior 
as shown by the 3D nanocomposites prepared at 1.17 Pa. This can be attributed to a 
large surface segregation effect occurring and the loose and porous structure of the 
TiOx barrier layers.  
 
Figure 5.18 The cumulative concentration of silver ion release after certain elapsed times. 2 
nm nominal Ag layer nanocomposites were produced with different barrier thickness at 1.17 
Pa 
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However, the silver ion release rate shows a substantial decreasing tendency 
after coating barrier layers for the 2D nanocomposites when the total pressure was 
decreased to 0.45 Pa as depicted in Figure 5.19. The amounts of silver ion released 
for the samples coated with 10-30 nm were all reduced sharply and suppressed to a 
extremely low level, which is totally different from the similar samples prepared at 
high total pressure. It means a more dense and rigid TiOx barrier layer could work 
very well for suppressing surface segregation and silver ion release. 
 
Figure 5.19 The cumulative concentration of silver ion release to elapsed time. 2 nm nominal 
Ag layer nanocomposites were produced with different barrier thickness at 0.45 Pa 
 
Additionally, the influence of barrier deposition rate on the silver ion release rate 
at high total pressure was also investigated. 20 nm barriers with different deposition 
rates were deposited on 2 nm nominal silver layers which coated onto 10 nm TiOx 
buffer layer. Figure 5.20 (a) shows the cumulative concentration of silver ions 
released during a 7 day releasing period. One can see that the total amount of released 
silver ions for the coatings prepared at different barrier deposition rates show no 
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difference after immersion for 7 days in water. The release behavior observed here is 
quite different during this period for these two different sets of samples. As shown in 
Figure 5.20 (b), the samples coated at a moderate barrier deposition rate only show a 
fast release in the initial stage, and nearly no release after 1 day in water, while the 
sample coated with a high deposition rate has a very slow but stable release during 
the whole period and still shows very high release potential after 7 days in water. This 
is consistent with the results observed for the 3D nanocomposite system. The more 
continuous film formed by larger nucleation rate at the high deposition rate 
suppressed the surface segregation and thus leads to a long-lasting release behavior.   
 
Figure 5.20 (a) The cumulative concentration of silver ion release and (b)% relative silver 
release to elapsed time. 2 nm Ag layer nanocomposites with 20 nm barriers were produced 
with different barrier deposition rates at 1.17 Pa 
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5.3 Conclusions 
The silver ion release kinetics of 2D/3D silver/titania nanocomposite coatings 
were investigated. The morphology and microstructure of TiOx matrixes and barriers 
were varied by adjusting the total gas pressure, oxygen flow rate, barrier deposition 
rate and thickness and the characteristic of silver NPs were varied as well. 
It was observed that the silver ion release rate decreased as total gas pressure 
was reduced, and the 3D silver containing nanocomposite thin films prepared under 
0.15 Pa present a lower but long-lasting stable release behavior. It was attributed to a 
reduction of the hydrophilic property by decreasing the total pressure. It was observed 
that at high total pressure the oxygen flow rate has little effect on the silver ion 
release, due to the large surface segregation effect and the more porous structure of 
titanium oxide produced at high total pressure. 
Results showed that the silver ion release behavior has a significant change after 
varying the barrier deposition rate; a slower release at the initial stage but faster ion 
release can be achieved after that in both 2D and 3D structures. It is believed that the 
larger nuclei formation rate at higher deposition rates leads to a more continuous film 
which has a favorable suppressing effect for silver surface segregation, thus smaller 
silver NPs are formed inside the matrix and present a different release behavior. 
More importantly, the difference in particle density change between the surface 
and bulk indicates that silver ions were released mainly from the bulk and not from 
the segregated Ag NPs on the surface. Smaller Ag NPs with larger surface area can 
facilitate faster dissolution and release of silver ions compared with bigger NPs 
segregating on the surface, thus inducing more silver ion release from the bulk. After 
immersion in water, some silver ions that desorbed from the smaller NPs in the bulk 
have a high probability to resorb onto the larger and more-stable spherical particles 
nearby, inducing Ostwald ripening on the surface. 
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In addition, the influence of the thickness of the barrier was also investigated 
here. The silver ion release could not be further reduced by increasing the barrier 
thickness due to the nature of the amorphous titanium oxide structure whose defects 
and voids lead to formation of pores allowing rapid transfer of water into the bulk. 
The channels formed on the surface by removing impurities in water could be another 
possible reason. Moreover, different silver ion release behavior is observed in a 7 day 
period.  Nanocomposites produced under these conditions show a controllable and 
sufficiently high silver ion release for applications as antibacterial coatings. 
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Chapter 6  
Summary and outlook 
2D/3D Ag/TiOx nanocomposites were prepared by reactive sputtering processes 
in home-made deposition chambers under high vacuum conditions. In 3D Ag/TiOx 
nanocomposites system, the silver NPs were embedded into the titanium oxide matrix 
by a co-sputtering process at different concentrations in order to figure out their 
interfacial structure and surface evolution. For a better understanding of the silver 
mobility during the reactive sputtering process and subsequent changes of surface 
segregation and silver ion release properties, 2D Ag/TiOx nanocomposites were 
developed. Morphology, chemical state, composition and silver ion release properties 
of 2D/3D Ag/TiOx nanocomposites were studied. Various surface-sensitive 
characterization methods, such as SEM, XPS, XRD and TEM were intensively 
applied to the analysis of the nanocomposite coatings and the potential of the silver 
ion release of the coatings after exposure to water for different periods of time. AAS 
was used to measure the concentration of silver ions in water.  
In chapter 4, different filling factors of silver were embedded into the titanium 
oxide matrix under varying total gas pressures and oxygen gas flow rates.  Strong Ag 
segregation on the surface was observed everywhere due to the large stress associated 
with the embedding process. All the silver NPs presented a metallic state and fcc 
structure even if a high oxygen flow rate (19.2 sccm) was introduced. No silver oxide 
was detected. It is clearly evident that silver surface segregation can be hardly 
avoided even with the use of a barrier (60 nm) when a high total pressure (1.17 Pa) is 
used in the sputtering process. At high pressure the silver surface segregation can be 
only slightly reduced by the use of barrier layers. Under these conditions the silver 
segregation is influenced by the deposition rate used for the deposition of the barrier 
layers and is much reduced for higher deposition rates. An effective decrease of silver 
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surface segregation is only achieved when the total pressure during sputtering is 
reduced to 0.45 Pa or even 0.15 Pa. Here, the silver surface segregation can already 
be completely suppressed using a capping layer of 30 nm thickness. This is believed 
to be caused by a much more densely packed TiOx layer formed at lower total 
sputtering pressure, whereas at higher total pressures, loose and porous TiOx layers 
are always formed, facilitating the silver atoms fast diffusion onto the surface. In 
addition, elimination of the surface segregation by coating with a 50 nm barrier 
results in a much more homogenous size distribution of the silver NPs in the 
nanocomposite film giving rise to a much narrower plasmon absorption band with a 
blue shifted absorption peak maximum. A comparative study of 2D nanocomposite 
systems was also performed to study the mechanism of silver surface segregation. 
The results indicate that the Ag surface segregation is a plasma-assisted oxygen-
induced process and occurs as soon as the sample is exposed to activated oxygen. 
These results indicated that the deposition conditions used for the preparation of 
reactively sputtered silver titania nanocomposite thin films have a strong influence on 
the surface segregation behavior of the silver and thus on the morphology of the thin 
films produced. 
In chapter 5, the influence of sputter parameters on the surface morphology and 
subsequent silver ion release properties of reactively sputtered silver/TiOx 
nanocomposites was investigated. Silver-containing titanium oxide nanocomposite 
coatings with tunable ion-release properties were successfully deposited by reactive 
sputtering at different total gas pressures of 0.15, 0.45 and 1.17 Pa. All of the silver 
NPs embedded in the nanocomposites were confirmed to be in a metallic state and 
have an fcc structure. The silver ion release property shows a clear tendency to 
decrease with reducing the total gas pressure during the deposition. Such dependence 
of the ion release behavior appears to be mainly correlated with the microstructure of 
the titanium oxide and the surface hydrophilic property, a more open and porous 
structure and more hydrophilic property, which allows an easier silver ion release for 
the coatings deposited at high total pressure. In addition, barriers can prevent silver 
ion release effectively to a extremely low rate especially for the samples prepared 
under low total pressures. However, increasing the barrier thickness does not show a 
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larger suppression of the silver release effect due to the nature of the amorphous 
titanium oxide matrix, where defects and void pores formed, facilitating rapid water 
transfer into the bulk and thus fast interaction with the silver NPs. Additionally, for 
the samples produced at high total pressure with high release potential in the initial 
stage, a more stable long-lasting silver release rate can be achieved by depositing 
barriers at a high rate in both 2D/3D nanocomposites. These results indicate that the 
Ag/TiOx nanocomposites produced by the reactive sputtering process can be 
considered as promising antibacterial coatings with perfect silver ion release tuning 
effects. 
Although surface segregation of silver in Ag/TiOx nanocomposites has been 
observed regularly by many others, this phenomenon has not been investigated 
systematically. Here we show under which conditions of the reactive sputtering 
process silver surface segregation occurs and how it can be controlled to obtain 
silver/titania nanocomposites with a defined morphology. Moreover, the silver ion 
release property can be tailored by adjusting the deposition parameter and different 
silver ion release behavior can be achieved for short and long term use.  
However, the changes in the silver ion release properties of the 2D/3D 
nanocomposites resulting from the changes of barrier thickness is an interesting point 
to investigate not only by using SEM and TEM but also by using electrochemical 
impedance spectroscopy (EIS), where the capacitance change of the thin films 
together with water uptake can be estimated at high frequency values. 
The antibacterial ability and biocompatibility of the Ag/ TiOx nanocomposite 
coatings should be studied for their real use in the medical field as biomaterials. 
Considering that our silver-release measurements were all performed in pure water, 
the silver ion release in other water-based solutions similar to blood and body fluids 
should be tested and thus more reliable data could be provided for long-term medical 
applications. 
Additionally, since our samples can lock silver NPs in the bulk with extremely 
small silver release rates in the water, the Ag/ TiOx nancomposite coatings can be 
further developed for the self-purification of waste water and enhanced photocatalyst 
use.  
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